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 CHAPTER I:  
Applications and microstructural 
challenges related to host and reservoir 
sedimentary rocks  
hanks to their low permeability and self-sealing properties in natural 
conditions, host and reservoir rocks like rock salts, clay stones, shales and 
tight gas sandstones are of major importance for society since they are considered 
as the probable solution for the nuclear waste storage in deep geological formation; 
in addition, good understanding of their chemical, physical and mechanical 
properties is essential for reservoir development in the oil and gas industry. Bulk 
mechanical and fluid flow properties of such rocks are widely documented and 
investigated, however much less is known about the impact of microstructures on 
these properties. Indeed, the coupling between the microstructural evolution, the 
poromechanical behaviour and the state of hydration of the system is still elusive 
but required to establish reliable constitutive laws for the estimation of chemical, 
physical and mechanical properties at long term (in the range from 1,000 to 
1,000,000 years for nuclear-waste disposal applications in underground geological 
formations, for example). Characterization of porosity, interfaces and fabrics is 
essential because: (1) the porosity controls coupled flow, capillary processes, and 
indirectly the mechanical behaviour, (2) the nature of interfaces, like grain 
boundaries, influences the active deformation mechanisms and, (3) the material 
fabric (mineralogy, crystallographic orientation, grain size etc.) is related to the 
rheology of materials.  
For host and reservoir sedimentary rocks, relevant typical microstructures (grains, 
pores and fluid inclusions, pore throats, grain boundary) have sizes in the range 
from sub-nanometers up to hundreds of micrometers within representative cross 
sections and volumes in the range from few square and cubic nanometers up to 
T 
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square and cubic centimeters, respectively. Therefore, the characterization of 
microstructures in such rocks needs a multi-scale and multi-dimensional approach. 
Another important aspect of microstructural studies in sedimentary rocks is the 
drying of material, which can critically damage clay aggregates or produce 
recrystallization artifacts. Microstructural studies require then the development of 
novel methods to study specimen in its natural hydrated state but also to highlight 
relevant microstructures, which can help to infer in the identification of 
deformation mechanisms experienced by the rock.  
This chapter presents first the current context of host and reservoir sedimentary 
rocks and in second, the essential problems and concepts related to microstructures 
in host and reservoir sedimentary rocks are synthetized, introducing the basics of 
my scientific work developed in this thesis. 
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I.1. The current context of host and reservoir sedimentary rocks 
I.1.1. Salt rocks in sedimentary basins  
Salt rocks and related tectonics play a major role in the diagenesis and evolution of many 
sedimentary basins. 
I.1.1.a. Generalities 
Salt rocks are crystalline aggregates belonging to the evaporite rock sequences, which consist 
mainly of carbonates, sulphates and chlorides. Halite rock is generally the dominant chloride 
lithology but pure halite sequences in nature are rare, most salt tectonic literature uses “salt” 
for all rocks composed mostly of halite. Salt bodies may thus contain varying amounts of other 
evaporates (especially anhydrite or its hydrated form, gypsum), as well as non-evaporite rocks. 
A comprehensive list of the main evaporite minerals found in “salt” are given in Urai et al. 
(2008b). Most non-halite inclusions in salt were originally inter-bedded with the halite. 
However, salt inclusions may also be igneous intrusions, foundered roof blocks, sediments 
trapped between converging salt bodies, or (rarely) material plucked from the substrate 
beneath the salt (Hudec & Jackson, 2007). Evaporites are precipitated from saturated surface 
or near-surface brines by hydrologies driven by solar evaporation (Warren, 1999). Evaporite 
facies typically vary laterally, controlled partly by the crystallization sequence from 
increasingly concentrated hypersaline waters. Large percentages of mechanically competent 
materials within the evaporite interval, including siliciclastic and carbonate layers, tend to 
inhibit salt creep and diapirism (Hudec & Jackson, 2007). 
Hudec & Jackson (2007) identified four main settings where evaporites have been deposited: 
(1) cratonic basins, (2) syn-rift basins, (3) post-rift passive margins, and (4) continental 
collision zones and foreland basins. Evaporite basins are often affected by salt tectonics, which 
is defined as deformation involving flow of salt. Salt tectonics can involve regional extension 
and shortening or can comprise deformation driven purely by gravity (halokinesis) in the 
absence of significant lateral tectonic forces. Many cratonic basins have not undergone salt 
tectonism, probably because of limited differential loading of salt or absence of regional 
tectonism. These basins may be also deformed by salt dissolution. 
In comparison to clastic and carbonate rocks, salt rocks are of special interest for two essential 
reasons: (1) salt is mechanically weak and (2) salt is relatively incompressible with an 
approximate density of 2200 kg.m3, which less dense than most of carbonate and siliciclastic 
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rocks. Respectively, these mean that salt rocks deforms viscoelastically under most geologic 
conditions (Weijermars et al., 1993), thus salt flows like a fluid in the subsurface and at 
surface under typical geologic strain rates; and salt buried beneath denser overburden is 
buoyant. Salt's rheology and incompressibility make salt inherently unstable under a wide 
variety of conditions. As a result, basins having salt tend to deform much more easily than 
basins lacking salt, with significant effects on basin tectonics and stratigraphy (Davis & 
Engelder, 1987; Worrall & Snelson, 1989; Letouzey et al., 1995; Warren, 1999; Hudec & 
Jackson, 2007). 
I.1.1.b. Salt diapirism 
Salt diapirism results from the interaction of salt’s unique deformational style explained above 
with massive deformational overprint, making salt tectonics an important component of the 
analysis of sedimentary basins (Figure I.1; e.g. Rowan et al., 1999; Hudec & Jackson, 2007; 
Littke et al., 2008). The world-class site for well exposed salt extrusions and glaciers are the 
Zagros mountains (SE part of Iran) with up to 60 salt extrusions ranging in age from Cambrian 
to Pliocene displaying at least 6 different morphologies (Talbot, 1998; Jahani et al., 2007). 
Rock salt extruding on flat topography through release-bends of major strike-slip faults in 
Zagros (Talbot and Alavi, 1996; Talbot and Aftabi, 2004) typically forms viscous fountains. 
However, most of the rock salt in Zagros Mountains forms salt glaciers (namakiers) flowing 
down from the crests of the Zagros anticlines or through one or more fault gullies or up-tilted 
river valleys (Talbot, 1998). 
Salt glaciers, now buried, were also extruding from diapirs in the Central European Basin 
during Triassic with intense impact of regional tectonics related to salt diapirism (Figure I.2; 
Mohr et al., 2005, 2007). 
 
As noticed by van Gent et al. (2011): “In the literature, salt structures are typically shown in 
two strikingly different ways [depending of the possible applications and both points of view 
are rarely used together to describe salt structures]. In studies using 3D seismic and well data 
that focus on the subsalt or suprasalt sediments and are typically hydrocarbon-related, the 
evaporites are invariably shown as structureless bodies (for example: Jackson & Vendeville, 
1994; Jackson, 1995; Scheck et al., 2003; Mohr et al., 2005; Maystrenko et al., 2006). On the 
other hand, studies of the internal structure of salt are typically salt-mining or storage-related 
and are based on observations from mine galleries and borehole data (for example: Krische, 
1928; Richter-Bernburg, 1953, 1980, 1987; Siemeister, 1969; Hofrichter, 1974; Jackson, 1985; 
Bornemann, 1991; Smith, 1996; Behlau & Mingerzahn, 2001; Schléder et al., 2008). These 
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studies show the extremely complex internal geometry with less attention to the structure of 
the surrounding sediments. Detailed observations of salt mines and drill holes (with cm- to m- 
resolution) display a variety of deformation structures in the salt on a wide range of scales 
(Krische, 1928; Richter-Bernburg, 1953, 1980, 1987; Lotze, 1957; Borchert & Muir, 1964; 
Kupfer, 1968; Muehlberger, 1968; Schwerdtner & Van Kranendonk, 1984; Talbot & Jackson, 
1987; Best, 1989; Jackson et al., 1990; Bornemann, 1991; Zirngast, 1991, 1996; Geluk, 1995; 
Burliga, 1996; Smith, 1996; Behlau and Mingerzahn, 2001; Siemann and Ellendorff, 2001; 
Schléder et al., 2008). Observations (typically 2D to 3D in salt mines and 1D in storage or 
solution mining) include boudins and folds together with shear zones (Bornemann, 1991; 
Geluk, 1995, 2000; Burliga, 1996; Taylor, 1998; Behlau and Mingerzahn, 2001). The folds 
have curved, open-to-isoclinal fold axes, and boudins from millimeter (Schléder et al., 2008) 
to kilometer scale (Burliga, 1996) are common. Crosssections through the Zechstein in the 
Gorleben and Morsleben salt domes (Bornemann, 1991; Behlau and Mingerzahn, 2001) show 
isoclinal folding of the Z3. Richter-Bernburg (1980) further describes several examples of fold 
structures with amplitudes over half the height of the salt structures. Field studies, from Iran 
and Oman, have also shown the internal complexities of surface-piercing salt domes, such as 
the distribution of different age salt, the position and internal deformation of solid inclusions, 
the microstructures and, by inference, the deformation mechanisms (among others: Jackson et 
al., 1990; Talbot and A ftabi, 2004; Talbot, 2008; Reuning et al., 2009; Schoenherr et al., 2009, 
2010; Desbois et al., 2010).” 
I.1.1.c. Rheology and deformation mechanisms of salt rocks 
The study of the mechanical properties of halite and deformation mechanisms of halite (Carter 
& Hansen, 1983; Wawersik & Zeuch, 1986; Urai et al., 1986; Spiers et al., 1990; Carter et al., 
1993; Franssen, 1993; Hunsche & Hampel, 1999; Popp & Kern, 2000; Peach et al., 2001; Popp 
et al., 2001; Hunsche et al., 2003), and extrapolation of these data to conditions for slow 
geological deformation has provided a relatively solid basis for understanding salt rheology 
(Urai et al., 2008b). For example, at room temperature and low effective pressure, crystal 
plasticity is usually accompanied by micro-cracking and semi-brittle processes. Even at room 
temperature, dislocation creep processes accompanied by dynamic recrystallization become 
active in coarse-grained wet salt. In sufficiently fine grained wet halite, pressure solution creep 
(Spiers et al., 1990) can become dominant. In evaporite minerals, the structure of mobile brine-
filled grain boundaries and their influence on recrystallization processes were intensively 
investigated in theoretical and experimental studies (Urai et al., 1986; Brantley et al., 1990; 
Drury & Urai, 1990; Hickmann & Evans, 1991, 1995; Gratier, 1993; Heidung & Leroy, 1994; 
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Lehner, 1995; Holness & Lewis, 1997; Spiers & Schutjens, 1999; Visser, 1999; Ghossoub & 
Leroy, 2001; De Meer et al., 2002, 2005; Den Brok et al., 2002; Watanabe & Peach, 2002; 
Lohkämper et al., 2003; Renard et al., 2004; Schenk & Urai, 2004, 2005; Van Noort et al., 
2006, 2008; Desbois et al., 2008, 2012). Grain boundaries fluids are accepted to enhance 
recrystallization processes and as the key point for pressure-solution creep activation (Urai et 
al., 1986, 2008b). However, interpretation of results from these studies is still a matter of 
debate because of the difficulty to observe the morphology of in-situ wet grain boundaries at a 
resolution of nanometres (De Meer et al., 2005; Desbois et al, 2008). 
Microstructural studies conducted to infer deformation mechanisms occurring in nature shown 
that the rheology of salt can be complex and reflect often the competition between different 
mechanisms.  
In salt glaciers, it is recognized that dislocation creep is far too slow to produced the observed 
salt flow downhill under its own weight (Talbot, 1979; 1981, 1998; Urai et al., 1986; Talbot & 
Jarvis, 1984; Talbot et al., 2000; Talbot & Aftabi, 2004). Pressure solution creep and extreme 
grain size reduction is widely inferred to weaken glacial salt (Wenkert, 1979). Microstructural 
studies on naturally deformed glacier salt (Talbot, 1981; Urai et al., 1986; Schléder & Urai, 
2007; Schléder et al., 2008; Desbois et al., 2010) identified that pressure solution creep and 
dislocation creep are both active in deforming salt glaciers. Schleder (2006), Schoenherr et al., 
(2010) and Desbois et al., (2010) summarized the microstructural mechanisms that control 
creep of salt in the entire salt diapiric system from the “source layer”, to the salt  “stock/wall” 
and extrusive “glacier/fountain” (Talbot & Jackson, 1987; Talbot, 1998), respectively. 
Although the relative contribution and activity of these mechanisms can strongly vary in 
different layers of salt, the general scheme is as follows: high differential flow stresses in the 
source layer and salt stock/wall are responsible for combined grain boundary migration (GBM) 
and subgrain rotation (SGR) producing dynamically recrystallized fabric, while extrusive salts 
that are associated with relatively low flow stresses (Schlèder & Urai, 2007) reveal dominant 
activity of solution-precipitation (SP) creep coupled with grain boundary sliding (GBS) typical 
for the fine grained fabric and elongated grains (Desbois et al., 2010). An exception from this 
simplified summary of identified deformation mechanisms in rock salt is represented by the 
Zechstein salt in the Werra and Fulda basin, Neuhof, Germany, where the intense folding of a 
narrow fine-grained perennial-lake sequence was accommodated by SP creep and GBS 
(Schlèder et al., 2008; Zavada et al., 2012). In contrast to the crystal-plastic deformation 
mechanisms and solution-precipitation creep that accommodate relatively slow ductile 
deformation of rock salt in nature, in laboratory experiments conducted at relatively low 
temperatures, high differential stresses (and high strain rates) and low confining pressures 
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(e.g., Peach et al., 2001; Urai & Spiers, 2007; Niemeijer et al., 2010) rock salt fails in a brittle 
manner (Schulze et al., 2001; Popp et al., 2001). This mechanical failure is manifested by 
opening of inter- and intra-granular microfractures (dilatancy), which can finally lead to 
comminution of grains and transitions from ductile and semibrittle to cataclastic deformation 
and unstable stick-slip faulting (Niemeijer et al., 2010). The dilatancy can be also induced by 
high pore fluid pressures to produce fluid filled microfractures parallel with the maximum 
compressive stress direction (Hubbert & Rubey, 1959; Price & Cosgrove, 1990), as described 
for numerous creep experiments with melt bearing granular aggregates (Daines & Kohlstedt, 
1997; Gleason et al., 1999; Rosenberg, 2001; Holtzman et al., 2003). Similar dilated 
microstructures were described for Ara rock salt (Oman) that was penetrated by oil from 
adjacent reservoirs, where oil pressure was close to lithostatic (Schoenherr et al., 2007). 
Another example of fluid induced dilatancy is the halite veining in the Werra rock salt from 
the Neuhof mine (Schlèder et al., 2008).  
On the other hand, the process of surface-energy-driven grain-boundary healing, which 
dominates in rocks of specific grain size under suitable conditions of stress, pore pressure and 
temperature, can produce “yield stress” for pressure solution creep, as proposed by van Noort 
et al. (2008), Ghossoub and Leroy (2001), Visser (1999) and Lehner (1995). Observations 
pointing to this phenomenon were reported by Hickman and Evans (1991), Visser (1999), 
Schenk and Urai (2004), Schleder and Urai (2005), Schmatz (2010) and Desbois et al. (2012). 
Once the grain boundaries are healed and the yield stress is overcome, marginal dissolution of 
the healed contacts as modelled by Ghossoub and Leroy (2001) leads to activation of the 
process and a return to linear viscous rheology. Van Noort et al. (2008) proposed a healing 
criterion for non-hydrostatic condition defining domains where pressure solution creep and 
grain boundary healing are effective. 
I.1.1.d. Salt rocks as natural deformation laboratory 
Naturally extruded, actively deforming rock salt is widely used as a natural deformation 
laboratory because deformation rates can be measured, structures are accessible over large 
areas with high resolution, and the rock can be sampled for laboratory analyses (Drury & Urai, 
1990; Talbot et al., 2000; Talbot & Aftabi, 2004; Brun & Fort, 2011). 
The metamorphosis, deformation style and associated deformation mechanisms of rock salt in 
the entire diapiric system can be qualitatively compared with the deformation style of silicate 
rocks during orogenic exhumation (Talbot, 1998). Since rock salt consists primarily of 
monophase polycrystalline halite, the analysis of its deformation style and associated 
deformation mechanisms is relatively simple in comparison with silicate rocks, which mainly 
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consist of several phases (polyphase rocks) that interact mechanically and chemically (Handy, 
1994; Schulmann et al., 2008). Relatively weak bonding strength of the atoms in halite lattice 
in contrast to silicate minerals (Goldich, 1938) and significant amount of fluid (brine) in grain 
boundaries (e.g. Urai et al., 1986; Schoenherr et al, 2010) makes the recrystallization of halite 
much easier in comparison to silicate minerals. The investigation of deformed polycrystalline 
halite aggregates therefore helps understanding the role of deformation mechanisms that 
control deformation of rocks in general (e.g. Poirier, 1985; Drury and Urai, 1990). Besides the 
property of rock salt as a convenient analogue for deformed complex lithologies, the analysis 
of its rheological properties is fundamental for understanding salt tectonics and tackling the 
drilling problems in salt and oil bearing sedimentary systems and engineering tasks regarding 
the design and maintenance of gas and radioactive waste storage caverns (see also Section 
I.1.3; Langer, 2003; Berest et al., 2005; Perry, 2005). Flow of rock salt also strongly influences 
the evolution and architecture of deforming salt-bearing sedimentary basins that contain the 
gas and oil deposits (see also Section I.1.4; Rowan et al., 1999; Hudec and Jackson, 2007; 
Littke et al., 2008). 
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Figure I.1 (previous page): Schematic models of salt diapirism: piercement types, models of diaper 
growth and natural examples of salt diapirs from seismic images. Compiled and modified after Hudec & 
Jackson (2007). (A.) Modes of diapir piercement, shown in schematic cross sections. The overburden is 
brittle except in (6). (B.) B.1: Diapir piercement during regional extension. Diapirs do not necessarily 
progress through all of these stages. The maturity of a given structure depends on availability of salt, 
total amount of extension, and relative rates of extension and sedimentation. Modified from Vendeville 
& Jackson (1992). B.2: Diapir piercement during shortening. This example assumes a preexisting 
diapir, which is the most common scenario for piercement during shortening. Diapirs may not progress 
through all of these stages; whether they do depends largely on the magnitude of shortening and the 
roof thickness above the diapir. (a) Arching of the diapir roof produces outer-arc extension, thinning 
and weakening the roof. (b) The combination of a weakened roof and salt pressurized by lateral 
squeezing (displacement loading) initiates active diapirism. Salt breaks through the thinned crest of the 
anticline, and the roof flaps on either side rotate away from the emerged diapir. (c) Rapid extrusion; 
salt displaced from the squeezed feeder flows out over the surface to form a salt glacier. Structurally 
balanced forward model showing formation of a teardrop diapir. The roof over the crest of the diapir is 
arched and eroded, allowing salt to pierce to the surface. Shortening continues until the hourglass-
shaped feeder completely pinches off. B.3: Four schematic models for salt-sheet advance. White lines 
within the salt represent selected deformed markers from an originally rectangular grid. The original 
grid was drawn at an arbitrary earlier time in sheet evolution, so the deformed grid represents 
incremental, not finite, strain. Modified from Hudec & Jackson (2006). B.4: The cross-sectional shapes 
of passive diapirs are tied to the relative rates of net diapir rise (salt rise minus erosion and dissolution) 
and sediment aggradation. (a) Where diapir rise-rate exceeds aggradation rate, diapirs widen upward 
and may ultimately form extrusive sheets. (b) Where diapir rise-rate is equal to aggradation rate, 
diapirs have vertical walls. (c) Where diapir rise-rate is less than aggradation rate, diapirs narrow 
upward and may ultimately become completely buried. Modified from Giles & Lawton (2002). (C.) C.1: 
Reactive diapir in the Gulf of Mexico. Modified from Rowan et al. (1999). C.2: Formerly active diapir, 
Lower Congo Basin, Gabon. The active rise is recorded by the arched roof. Onlap of the crestal 
anticline indicates that uplift has ceased for now. C.3: a 3-D seismic section across a teardrop diapir in 
the northern Lower Congo Basin, offshore Gabon. The welded feeder has been reactivated as a thrust. 
Sediments adjacent to the salt have velocities comparable to salt, so the image is minimally affected by 
velocity pull-up. C.4: Allochthonous salt sheet, Gulf of Mexico. The feeder has either been pinched off 
or is not on this line of section. Modified from Hodgkins & O'Brien (1994). C.5: Formerly passive 
diapir from the Gulf of Mexico, now buried. Passive emplacement is inferred from the relatively 
undeformed reflectors abutting the diapir. The original image showed only half of the structure and has 
been mirrored for consistency with other images in this figure. Modified from Hale et al. (1992). For 
more detailed descriptions, please see Hudec & Jackson (2007). 
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Figure I.2: Multiphase salt tectonic evolution in NW Germany from retro-deformation diagrams based 
seismic interpretation (after Mohr et al., 2005). Sequential retro-deformation of the interpreted W-E 
seismic section (2D data) from the base of the uppermost halite layer of the Weser-Formation (Middle 
Keuper) (h) to the Top Zechstein (a) for the first page of the figure, and from the base of the uppermost 
halite layer of the Weser-Formation (Middle Keuper) (h) to the present day geometry (o) for the second 
page of the figure. The first phase of salt tectonic evolution started with two main events of NW–SE 
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extension and rafting in the Triassic before the Upper Bunter and before the Upper Muschelkalk. 
Rafting was accompanied by first salt diapirism and an increased sedimentary thickness adjacent to the 
salt structure. After salt supply ceased up dip to the salt structure, a mini-basin grew in the intra-raft 
area. This sedimentary differential loading caused salt movement and growth of a pillow structure 
basinward. The second phase of salt movement was initiated by the formation of a NNW–SSE striking 
basement graben in the Middle Keuper that triggered reactive diapirism, the breakthrough of the 
pillow’s roof and salt extrusion. The following downbuilding process was characterized by sedimentary 
wedges with basal unconformities, onlap structures and salt extrusions that ceased in the Jurassic. The 
third and latest phase of salt tectonic evolution was activated in the Late Cretaceous to Lower Tertiary 
by compressional tectonics indicated by salt rise and a small horizontal shortening of the diapir. The 
interpreted salt tectonic processes and the resulting geometries can now be better tied in with the 
regional heterogeneous framework of the basin. For more detailed descriptions, please see Mohr et al. 
(2005). 
I.1.2. Mud rocks 
Mud rocks (also argillaceous sedimentary rocks) are largely widespread materials and 
participate in significant amount in all worldwide sedimentary basins; in terms of volume, mud 
rocks are by far the most important variety of sedimentary rock, probably constituting up to 80 
% of the Earth’s sedimentary rock column (Stow, 1981). Mud rocks are a class of fine-grained 
siliciclastic sedimentary rocks including grain-sizes from silt- and clay-size particles (Stow, 
1981; Grainger, 1984): silt stones with grain-size diameter ranging from 63 µm to 4µm, clay 
stones (< 4µm) and mud stones (a mix of silt and clay). Shale refers specifically to mud rocks 
that exhobiz lamination of fissibility or both (Ingram, 1953). 
I.1.2.a. Origin of mud rocks 
After Encycloepedia Brittanica  
(http://www.britannica.com/EBchecked/topic/532232/sedimentary-rock/80282/Origin-of-
shales), the formation of fine-grained sediments generally requires weak transporting currents 
and a quiet depositional basin. Water is the common transporting medium (Owens et al., 
1999), but ice-rafted glacial flour (silt produced by glacial grinding; Ovenshine, 1970; Powell, 
1984; Hesse 1997) is a major component in high-latitude oceanic muds, and windblown dust is 
prominent (McGowan et al., 1996; Gatehouse et al., 2001; Li et al., 2004), particularly in the 
open ocean at low and intermediate latitudes. Shale environments thus include the deep ocean; 
the continental slope and rise; the deeper and more protected parts of shelves, shallow seas, 
and bays; coastal lagoons; interdistributory regions of deltas, swamps, and lakes (including 
arid basin playas); and river floodplains. Shales may be deposited in environments of periodic 
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agitation. Sediments deposited on submarine slopes are frequently mechanically unstable and 
may be redistributed by slumping and turbidity currents (Lowe, 1982; Wynn et al., 2000) to 
form thick accumulations (possible present-day eugeo-synclinal equivalents) on the lower 
continental slope and rise. Part of the shale in many wacke-shale alternations may be of 
turbidite origin (Giese et al., 1994). Fine sediment can be deposited in marshes and on tidal 
flats (Pestrong, 1972; Flemming & Nyandwi, 1994). Trapping by marsh plants and binding of 
muds in fecal pellets are important (Johnson, 1982).  
I.1.2.b. Poro-mechanics, fluid flow properties and applications of mud rocks 
For Yang and Aplin (2010), since the permeability of mudstones is several orders of 
magnitude lower than that of coarser grained lithologies such as sand, mudstones control the 
rate at which fluids, including water, petroleum and CO2, move through − or are retained 
within − sedimentary basins, and the rate of sediment compaction. The permeability of fine-
grained, clastic sediments and its relationship with porosity are thus fundamental to the 
quantification of a range of geological processes and geo-engineering applications, such as (a) 
basin evolution and the development of high pore fluid pressures (Smith, 1971; bethke, 1985; 
Luo & Vasseur, 1992; Schneider et al., 1993; Dugan & Flemings, 2000); (b) formation of mud 
diapirs (Graue, 2000; Milkov, 2000); (c) destabilisation of continental slopes (Dugan & 
Flemings, 2000); (d) the long-term subsurface retention of petroleum (England et al., 1987; 
Watts, 1987; Schlömer & Krooss, 1997), radioactive waste and CO2 (Holloway, 2001; 
Hildenbrand et al., 2004; Marty et al., 2003; Huysmans & Dassargues, 2006; Bickle et al., 
2007); (e) surface geological process, such as erosion (Jacobs et al., 2007) and flowslides 
(Wang & Shibata, 2007); (f) shale gas production (Luffel et al., 1993); and (g) evaluation of 
foundation settlement and landfill liner design. 
Therefore, the understanding of various physical processes associated with sedimentary basin 
evolution is important for scientific and economic purposes (Vasseur et al., 1995; Chen et al., 
2001). In particular, most of the hydrocarbon reserves originate from sedimentary basins and a 
better understanding of processes, which control the formation and evolution of sedimentary 
basins is fundamental for the identification and exploration of petroleum reserves. 
 
Geological conditions such as depositional environment control the primary mineralogical 
composition, grain size, grain size distribution and grain shapes (Urai et al., 2008). The texture 
and pore system of rocks are subsequently modified by compaction, cementation and 
diagenetic or metamorphic overprint so that the petrophysical rock properties such as porosity, 
permeability and tortuosity are affected by numerous processes acting simultaneously or 
sequentially (e.g., Bear, 1972; Freeze & Cherry, 1979; Tiab & Donaldson, 2004). 
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An important basic phenomenon occurring in sedimentary basins is the reduction of porosity 
(i.e. compaction; Hedberg, 1936; Rieke and Chilingarian, 1974), which is related to the 
progressive burial of rocks. This compaction effect determines the evolution of the geometry 
of various sedimentary bodies with depth (Aplin et al., 2003).  
 
 
 
Figure I.3: (a.) Schematic intergranular volume-depth relationships of sandstones and porosity-depth 
relationships of shales caused by mechanical and physicochemical compaction during burial (From 
et al., 2008). 1) Example for expected percentage of mechanical compaction of a well sorted, medium- 
grained, quartz-rich sandstone [A]; reduction of intergranular volume by physicochemical compaction 
[B]; resulting intergranular volume-depth relationship [C]; grey envelope represents the range of 
intergranular volume-depth relationships of various sandstones. 2) Example for expected percentage of 
mechanical compaction of a shale [A]; reduction of porosity by dehydration of clay minerals [B]; 
resulting porosity-depth relationship [C]; grey envelope represents typical porosity-depth relationships 
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of shales. In nature, clay compaction is probably rather an episodic than a continuous process (e.g. 
Cartwright, 1994). (b.) An illustration of the main structural elements found in fault zones in sediments 
(From Urai et al., 2008, after van der Zee et al. 2003). (1) heterogeneous simple shear deformation, 
without strong localisation in a discrete fault plane; (2) heterogeneous simple shear, with lateral 
transition into a sharply localised zone of deformation; (3) lens structure between two branches of a 
fault plane, usually showing a higher degree of deformation than the surrounding rocks; (4) fault gouge 
consisting of parallel strands, with telescoping of the individual layers; (5) fault gouge with lateral 
injection of a weak layer (this paper); (6) fault gouge formed by the process of preferred smear of the 
soft layer; (7) fault gouge formed by disruption of the stronger layer followed by mixing of the 
fragments; (8) the brittle end member fault, with open fractures, developing preferentially in releasing 
sections. 
 
From Urai et al. (2008), the compaction of sediments is the reduction in volume of a 
sedimentary body that is caused by stress. This stress commonly results from the increasing 
overburden load of deposits accumulated during subsidence of a sedimentary basin. 
Compressional stress owing to tectonic movements may also cause compaction. Compaction 
involves a combination of mechanical and physicochemical processes and results in the 
decrease of initial porosity, permeability, and stratigraphic thickness, and the increase in 
density. Mechanical compaction in siliciclastic sediments is generally most effective in the 
uppermost 1-1.5 km of burial (Figure I.3.a). Clay-rich sediments have higher initial porosities 
than sand-rich sediments, but the latter are much less affected by mechanical compaction 
(Figure I.3.a). Sandstones rich in rigid grains such as quartz become less strongly compacted 
than sandstones rich in mechanically unstable lithic grains such as (meta-)pelites or volcanic 
clasts. Physicochemical compaction in clays involves dehydration of clay minerals, notably the 
progressive transformation of smectite to illite. Physicochemical compaction in sandstones 
takes place by dissolution of components at grain-grain contacts (“pressure solution”). 
Pressure-related dissolution of quartz is most effective at burial depth greater than about 2 km, 
but is also controlled by temperature, mineralogy and rock fabric (e.g., Houseknecht, 1988; 
Bjørkum, 1996). Pressure solution of carbonate is important for compaction of carbonate-rich 
sands and limestones. The interaction of mechanical compaction, physicochemical compaction 
and cementation is difficult to predict and leads to a wide scatter in measured porosity-depth 
relationships for individual case studies (e.g., Rieke & Chilingarian, 1974; Chilingarian & 
Wolf, 1975). The Athy’s law, based on a negative exponential equation (Athy, 1930), gives an 
approximation of compaction in sediments. However, the reliability of porosity-depth curves is 
very limited if diagenetic processes and the heterogeneities in terms of mineralogical 
composition, grain size and sorting are not adequately considered. For shales, refined models 
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have been developed to better account for clay mineral dehydration and permeability evolution 
(e.g. Broichhausen et al., 2005). Sandstone porosity may be strongly affected by cementation 
and/or dissolution. Early cementation, for example, strongly reduces porosity, but effectively 
hampers further compaction. Sandstone compaction can be more precisely described by 
intergranular volume, i.e., porosity plus volume of cements and matrix present in between the 
framework grains (Figure I.3.a). Intergranular volume vs. depth curves can help to predict 
compaction and porosity evolution for sandstones (Lander & Walderhaug, 1999; Paxton et al., 
2002). A comprehensive description of compaction processes in mud rocks and sandstones is 
also given in Bjorlykke and Hoeg (1997). 
I.1.2.c. Mud rocks in seismic faults 
Mud rocks in faults are also of major importance, both because they act as seal lithology in 
fault gouge for hydrocarbon accumulation and because they may play a role in earthquakes by 
weakening seismic faults. 
From Urai et al. (2008): in the case of juxtaposition of permeable lithologies (Knipe et al. 
1997) the transport properties of the fault gouge are the critical parameter controlling fluid 
flow. Prediction of the internal structure of fault gouges is difficult, due to the large amount of 
highly complex processes involved. The initially segmented geometry of fault zones and 
subsequent coalescence of segments, in combination with the contrast in mechanical and 
transport properties between the layers are the two most important factors in this evolution. 
The resulting ranges of structures are illustrated in Figure I.3.b (see also Section I.1.4). 
The physical cause of fault weakness could be explained be the following mechanisms: 
dynamic weakening processes including thermal pressurization (Lachenbruch, 1980; 
Wibberley & Shimamoto, 2005), coseismic shear heating (Hirose & Bystricky, 2007); and 
high pore fluid pressures (Rice, 1992). Inherently weak material in the fault zone (Wang et al., 
1979; Moore & Rymer, 2007) was also considered as popular cause of the fault weakness 
however, very few materials have friction coefficients low enough to satisfy either the thermal 
or geomechanical constraints (Tembe et al, 2006; Moore & Rymer, 2007). One of the most 
popular explanations for a weak fault is that the long-term presence of fluid overpressures 
reduces the effective normal stress, and thereby reduces the shear stress required for slip 
(Hubbert & Rubey, 1959; Rice, 1992). For example, hypothesized mechanisms for generating 
fluid overpressures within the San Andreas Fault (California, USA) are: fluid influx into the 
base of the crust from mantle sources (Rice, 1992), fluid production within the crust; 
metamorphic dehydration (Irwin & Barnes, 1975); porosity loss as a result of fault-normal 
compaction between tectonic blocks (Berry, 1973) or compaction within the fault zone (Sleep 
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& Blanpied, 1992; Fulton et al., 2009). However, the role of mud rocks in clay gouges is 
increasingly recognized as a key to understanding the mechanics of brittle faulting and fault 
zone processes (Haines & van der Pluijm, 2012), including creep and seismogenesis, and 
providing new insights into the ongoing debate about the frictional strength of brittle faults 
(e.g., Rice, 1992; Scholz, 2002). The frictional properties of clay-rich rocks within major fault 
zones have received increasing attention as a possible explanation for anomalously weak faults 
(e.g. Wu et al., 1975; Wu, 1978; Rutter et al., 1986; Chester & Logan, 1987; Chester et al., 
1993; Evans & Chester, 1995; Chester & Chester, 1998; Clacouhos, 1999; Cowan, 1999; 
Schulz & Evans, 2000; Cowan et al., 2003; Solum et al., 2003, 2005; Hayman et al., 2004; 
Numelin et al., 2007; Hayman, 2006; Schleicher et al., 2006, 2010; Carpenter et al., 2011); and 
are invoked to explain to the existence of slipping normal faults with low dips (<30°), which 
are in apparent contradiction with widely accepted ideas about the mechanics of rock fracture 
and rock friction ( Byerlee, 1978; Sibson, 1985; Collettini & Sibson, 2001). Chlorite and illite 
both have frictional strengths of µ = 0.25–0.55, significantly lower than the 0.6–0.8 observed 
by Byerlee's law, and smectite has reported frictional strengths as low as µ = 0.05 (Scholz, 
2002; Brown et al., 2003; Ikari et al., 2007, 2009; Tembe et al., 2010; Lockner et al., 2011). 
Frictional experiments on unsaturated clay-rich low-angle normal fault gouges indicate 
frictional strengths of µ = 0.41–0.52 (Numelin et al., 2007) and recent work on SAFOD core 
shows values below 0.20 for smectitic gouge (Carpenter et al., 2011; Lockner et al., 2011; van 
der Pluijm, 2011).  
The evolution of porosity in fault zones depends on a wide range of factors. With increasing 
depth, effective stress increases (in the case of hydrostatic fluid pressure) together with 
temperature; this is the basis of the range of fault rocks developing (Scholz, 2002). Depending 
of tectonic setting, fault throw, host rock lithology, mechanical stratigraphy and fluid pressure, 
porosity in fault gouge can increase or decrease, resulting in major changes in transport 
properties and faults, which can be seals or conduits (Townend and Zoback, 2004) for fluid 
flow. Porosity reduction (compaction) is due to rearrangement of packing among particles, to 
grain size reduction and to mineral reactions (Biegel et al., 1989; Marone and Scholz, 1989; 
Morrow and Byerlee, 1989; Marone et al., 1990). In rocks, which are strong in comparison to 
the main effective stress, fault slip leads to initial dilation and increase in porosity and 
permeability at a wide range of scales, from minute fragments in a cataclasite to large fractures 
close to the surface in brittle rocks. Changes in porosity are accompanied by morphology 
change, by cataclasis, reworking of fragments, metamorphic reaction or cementation.  
In the presence of a seal, fluid overpressure can develop and high fluid pressure cells are 
common in the crust. Breaching of these seals during fault slip is generally accepted to be 
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common, and the fault valve – related fluid flow (Sibson, 1990) is often associated with large 
veins and mineral deposits (Cox et al., 2001). Sibson (1973) argued first that the pressurization 
of pore fluids housed in the granular fault gouge could reduce fault strength during seismic 
shear. Subsequent authors (Lachenbruch, 1980; Mase & Smith, 1985, 1987; Andrews, 2002; 
Rice 2006: Rice & Coco, 2006) have quantified how thermal pressurization might operate and 
demonstrated that the relatively large thermal expansion coefficient of water in comparison to 
those of the fault gouge solids can lead to enhance pore pressures. 
Permeability in fault gouge is anisotropic and this anisotropy can be signiﬁcantly modiﬁed by 
fault slip (Mandl et al., 1977; Beeler et al., 1996). During mechanical shearing the nature and 
extent of porosity change depend on mineral composition, initial particle size distribution and 
physical conditions such as pressure, slip velocity, and displacement. Because of the preferred 
grain comminution in shear fractures, porosity structure and therefore, ﬂuid permeability may 
become anisotropic within the fault. Anisotropy is clearly demonstrated by permeability 
measurements and may be controlled by shear displacement, effective stress, normal stress 
strain structure, smearing along the fault plane or anisotropic microstructural control 
(Antonellini & Aydin, 1994; Fowles & Burley, 1994; Kennedy & Logan, 1998; Zhang et al., 
2001; Aydin & Eyal, 2002; Surma et al., 2003, Seeburger et al., 1991; Logan, 1991). 
There are many theoretical and numerical models of the evolution of pore space in fault rocks 
(Abe & Mair, 2005; Mair & Abe, 2008; Healy, 2009; Coco & Rice, 2002; Tuncay et al., 2003; 
Rudinicki & Rice, 2006). All of these studies confirm about the major role of porosity 
development in fault gouge. It is not possible to provide a comprehensive review of all the 
relevant literature on porosity in fault zones in a few pages. A recent review, with summary of 
open questions and research avenues is presented in a recent book: Handy et al. (2007). 
 
Two main conclusions result from this review: at first, the porosity and the permeability are 
key factors of mud rocks characterization for the evaluation of hydrocarbon reservoirs, 
seismicity of fault gouges and evolution of sedimentary basins in general; and in second, we 
know very little about the morphology of the pore space in mud rocks at the scale of the pores. 
I.1.3. Waste disposal and in deep geological sedimentary formation in Europe 
Thanks to their low permeability and self-sealing properties (Popp & Kern, 1998; Boisson, 
2005), rock salt and clay are options, which has received world-wide attention (Salters & 
Verhoef, 1980; Shapira, 1989; Neerdael & Boyazis, 1997; Bonin, 1998; Behlau & 
Mingerzahn, 2001; ONDRAF/NIRAS, 2001; NAGRA, 2002; NEA, 2004; ANDRA, 2005a; 
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European commission, 2004; Brewitz et al., 2007; BMWi, 2008; IAEA, 2008) for the disposal 
of long-lived and high-level wastes in deep underground geological formation. Nowadays, 
such host rocks are considered as the main barrier against the migration of radionuclides over 
hundreds of thousand – even millions of years in biosphere. Other crystalline rocks (e.g. 
granite, Table I.1; NAGRA et al., 1985; Posiva Oy, 2003; ANDRA 2005b; SKB, 2009) exhibit 
also favourable properties for waste disposal but this section focuses on the solution based on 
sedimentary rocks. 
 
The table I.2 give an overview of the most important reference sites for waste disposal in deep 
geological sedimentary formation, in Europe. 
 
 
 
Property / Components Rock salt Clay rocks Crystalline rock (e.g. granite)
Thermal conductivity High Low Medium
Permeability Practically impermeable Very low to low
Very low (unfractured) to permeable 
(fractured)
Strength Medium Low to medium High
Deformation behavior Visco-plastic (creep) Plastic to brittle Brittle
Stability of cavities Self-supporting
Artificial reinforcement 
required
High (unfractured) to low(highly 
fractured)
In-situ stress Isotropic Anisotropic Anisotropic
Dissolution behavior High Very low Very low
Sorption behavior Very low Very high Medium to high
Heat resistance High Low High
Drift reinforcement Not necessary
Necessary and potentially very 
complex
Necessary in severely in several 
fractured zones
Storage technique Drift and deep boreholes Drift and/or short boreholes Boreholes or drifts
Emplacement depth Approx. 900m Approx. 500m 500 – 1200m
Backfill Crushed salt Bentonite Bentonite
Interim storgae period (fuel 
rods and HLW canisters)
Min. 15 years Min. 30-40 years Min. 30-40 years
Storage temperature Max. 200°C Max. 100°C Max. 100°C bentonite backfill)
Favorable property Average
Unfavorable property
Table I.1: Comparison of properties and engineering concepts of potential host rocks which are relevant for repository concepts (After 
BMWi, 2008)
Sedimentary rocks
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Germany is the leader for underground waste disposal in salt dome (Langer, 1993, 1999; BfS, 
2001). Since the 70’s, Germany already emplaced low-level wastes (LLW) and intermediate-
level wastes (ILW) in the underground salt mines of Morsleben (Saxony Anhalt; Brennecke & 
Schrimpf, 2004; Brewitz et al., 2008) and Asse II (Lower Saxony; Gärtner et al., 2008) at 
depths around 650 m in the Zechstein rock salt strata (Preuss et al., 2002;). In late 90’s, these 
waste depositories were closed. In such sites, LLW and ILW are stacked in drums or lost 
concrete shield with crushed salt backfill in mining chambers.  After the closure of the 
depository site of Asse II, the site was used for testing and development of concepts and 
technologies (without radioactive waste) for underground high-level wastes (HLW) disposal. 
In parallel, in late 70’s, the site of Gorleben (Lower Saxony) was selected as disposal-research 
site and potential future national site for disposal of LLW, ILW and HLW (Hunsche, 2003; 
Klinge et al., 2007; Köthe et al., 2007; Bornemann et al., 2008; Bräuer et al., 2008). The 
suitable disposal concepts for LLW and ILW will be based on test operations performed at 
Asse II site (Brewitz et al., 2008). Full-scale experiments for HLW disposal are still pending 
because of the moratorium about nuclear waste disposal, in Germany. The Bundesamt für 
Strahlenschutz  (BfS), under the supervision of the Federal Ministry of Economics and 
Technology (BMWi), is responsible for the operation of the underground waste disposal in salt 
domes. Main projects partners, like the Bundesanstalt für Geowissenschaften und Rohstoffe 
(BGR), are German (Table I.2) and have also interest in participating in clay rock underground 
research laboratory in France, Switzerland and Belgium; though clay rock is up today not the 
reference solution for waste disposal in Germany. 
 
France (Callovo-Oxfordian Clay at Bure’s site and Toarcian-Domerian Clay at Tournemire’s), 
Belgium (Boom Clay at Mol-Dessel’s site) and Switzerland la Suisse (Opalinus Clay at Mont 
Terri’s site) adopted the clay rock as the reference solution for the nuclear waste disposal 
(long-lived and high-level wastes) in deep geological formation (Table I.2). Each of these 
countries started to develop underground Research Laboratory (URL, no radioactive waste are 
emplaced) in the 80-90’s to analyse its hydrogeological, geochemical and rock mechanical 
properties and to observe how these properties change during and after gallery excavation, 
heating and emplacement of buffer material in order to evaluate the long term performance (> 
500 000 years) of such a potential clay host rock (ONDRAF/NIRAS, 2001; Mazurek et al., 
2003; Bastiaens et al., 2003; ANDRA, 2005a; IRSN, 2005; Bossart & Thury, 2007, 2008; 
Bastiaens & Bernier, 2007)  before the effective nuclear waste disposal in others definitive 
sites, whose the selection is still pending. Particularly, the host rock has to delay and attenuate 
the radionuclides and other contaminants to be released into the biosphere after that the 
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original engineered container starts to deteriorate turning to the decreasing of safety capacity. 
Though in deep details, the concept of disposal can be different from country to country, the 
waste disposal follows the multi-barrier approach (Felix et al., 1996; Neerdael & Boyazis, 
1997; NAGRA, 2005a; Schwyn et al., 2012). The wastes are confined first in glass matrix and 
then in steel canister before to be introduced in secondary-horizontal galleries in clay 
formation and backfilled with bentonite. Nowadays, the host rock is considered as the main 
barrier against the migration of radionuclides. The comparability of disposal concepts 
developed by France, Switzerland and Belgium may be due from very close collaborations and 
interactions between the different European national agencies in charge of waste disposal 
(mainly ANDRA [fr.], IRSN [fr.], SwissTopo [ch.], NAGRA [ch.], ONDRAF-NIRAS [be.] 
and SCK-CEN [be.]; see Table I.2).  
 
In France, Switzerland and Belgium, the funding of research on waste disposal is mainly based 
on the “polluter pays principle” (as well as in Germany), which is used to fund national 
agencies under the supervision of states (ANDRA [fr.], NAGRA [ch.], and SCK-CEN [be.]). 
These agencies have the mission to find a safe and long-term solution for the nuclear waste 
disposal. Others national organisations (IRSN [fr.], SwissTopo [ch.], ONDRAF-NIRAS [be.] 
have the mission to control and criticize the proposed solutions. Other international nuclear 
waste agencies from outside Europe (see Table I.2) are also welcome to participate to projects 
in underground research laboratories. Moreover, because clay rocks and rock salts are also 
considered as a good “cap-rock” with applications for underground gas storage and 
exploration/exploitation of hydrocarbons (see below Section I.1.4 and Section I.1.5), industries 
have also interests in funding research projects related to underground research laboratories 
(see Table I.2). 
I.1.4. Hydrocarbon reservoir traps and underground gas storage  
Again, thanks to low permeability (from nD to µD), natural clay rock and rock salt formations 
are considered as major cap-rock and seal accounting for the formation of hydrocarbon 
reservoir traps (Ingram & Urai, 1999; Schoenherr et al, 2007b; Magri et al., 2008; Urai et al., 
2008; Fleury et al., 2010; Schmatz et al, 2010) and underground gas storage applications 
(Baird, 1978; Langer, 1993; Bouchard & Delaytermoz, 2004; Perry, 2005; van der Meer, 2005; 
Li et al., 2006; Bachu et al, 2007; Sorensen, 2007). 
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The majority of the world’s petroleum reserves are found in structural traps. Structural traps 
are formed as a result of changes in the structures of subsurface due to processes such as 
folding and faulting, leading to the formation of anticlines, folds and domes. Examples of this 
kind of trap are an anticline trap, a fault trap and a salt dome trap (Figure I.4).  
An anticline trap is formed when the original horizontal strata is pushed-up forming a dome-
shaped (Figure I.4.a). If the resulting dome-shaped strata comprise a layer of impermeable 
rock (e.g. clay rock), hydrocarbons can accumulate at the crest of the dome below the 
impermeable layer (Ding et al., 2008) that prevents hydrocarbons from further upwards 
migration.  
 
 
 
Figure I.4 The three main types of structural trap driving hydrocarbon reservoirs. (a.) The anticlinal 
takes place below the impermeable layer when the original horizontal strata is pushed-up forming a 
dome-shaped (Left). An example of anticlinal structure in nature (Chapopote Knoll, southern Gulf of 
Mexico) from seismic profile (Right, modified from Ding et al., 2008), the different grey amplitude of 
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units are interpreted to reflect changes in grain sizes where high amplitude patches indicatde by arrows 
group 1 suggest hydrocarbons reservoir, arrow group 2 indicates possible 3D effect of the seafloor. (b.) 
The fault trap is formed by the movement of permeable and impermeable layers along a fault line (Left). 
Analogue sandbox experiment (Middle, from Schmatz et al., 2010) helps the understanding of 
mechanisms and rheology involved in the formation clay smear forming seal. The image in ”middle-
left” show the post-mortem structure after the completion of an experiment performed with a basement 
offset of 36 mm; the image in ”middle-right” showing the corresponding PIV (Particle Image 
Correlation) overlay to the image sequence in ”middle-left” with the velocity vector field in the 
foreground and a contour plot of the z-component of the incremental rotation field in the background, 
see figure for color-legend. Clay smear in natural normal fault at Miri, Sarawak, Malaysia (Right, van 
der Zee & Urai, 2005); coin is approximately about 2 cm. (c.) The salt-dome trap is formed when 
masses of salt are pushed up through clastic rocks due to their greater buoyancy, eventually breaking 
through and rising towards the (Left). Analogue experiment of salt-dome showing the structural 
changes of the original strata when the salt dome is extruded (Right, Warsitzka et al., 2013). At “right-
top”, the profile slice of th eexperiment (vertical exaggeration: 1.5x); at “right-middle”, the 
interpretation of the profile slice and at “right-bottom” comparison of the analogue model with the 
seismic interpretation of the Dömitz and of the Gorleben salt domes in the North German Basin 
(Baldschuhn et al., 2001). In both profiles, the peripheral sinks of two neighbouring diapirs show an 
overlap indicating a kinematic relationship. The Gorleben diapir is suggested to be the “secondary” 
structure caused by the “primary” Dömitz diapir. 
 
The fault trap is formed by the movement of permeable and impermeable layers along a fault 
line (Figure I.4.b). In some cases, the reservoir rock has moved opposite of impermeable rock, 
which prevent the oil escaping. In other cases, the fault itself can be an effective trap because 
of the smearing of clay within the fault zone (Ingram & Urai, 1999; van der Zee & Urai, 2003, 
2005; Schmatz et al., 2010). A salt dome trap is formed when masses of salt are pushed up 
through clastic rocks due to their greater buoyancy, eventually breaking through and rising 
towards the surface (Figure I.4.c). When the salt body crosses a layer of permeable rock and 
the salt being impermeable, the migrating hydrocarbons are trapped in much the same manner 
as a fault trap (Stewart, 2006; Schoenherr et al., 2007a+b; Magri et al., 2008). 
The seal induced the presence of clay rock and rock salt is a fundamental of the trap that 
prevents hydrocarbons from further upward migration (Krooss et al., 1992; Hoffman & 
Ehgartner, 1993; Lux, 2005; Shukla et al., 2008, 2012; Chabora & benson, 2009; Koeler et al., 
2009; Liu et al., 2012). A capillary seal is formed when the capillary pressure across the pore 
throats is greater than or equal to the buoyancy pressure of the migrating hydrocarbons. They 
do not allow fluids to migrate across them until their integrity is disrupted, causing them to 
leak. There are two types of capillary seal whose classifications are based on the preferential 
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mechanism of leaking (Ingram & Urai, 1999; van der Zee et al., 2003, 2005; Schoenherr et al 
2007a+b): (1) the hydraulic seal occurs in rocks that have a significantly higher displacement 
pressure such that the pressure required for tension fracturing is actually lower than the 
pressure required for fluid displacement. The rock will fracture when the pore pressure is 
greater than both its minimum stress and its tensile strength then reseal when the pressure 
reduces and the fractures close. (2) The membrane seal will leak whenever the pressure 
differential across the seal exceeds the threshold displacement pressure, allowing fluids to 
migrate through the pore spaces in the seal. It will leak just enough to bring the pressure 
differential below that of the displacement pressure and will reseal. 
 
 
 
Figure I.5: Illustration of gas sequestration concepts in depleted gas reservoir (anticline trap) and salt 
formation. (a.) In anticlinal trap, the underground volume of the ultimately recoverable hydrocarbons 
(gas and condensate) is replaced by the gas to be stored from surface injection. (b.) “Conventional” 
salt cavern solution mining for underground gas storage (source: British Geological Survey). 
 
Gas storage is principally used to trap anthropogenic CO2 as the most promising options for 
the long-term CO2 storage and climate mitigation (van der Meer, 2005; Haszeldine et al., 
2005; Bachu et al., 2007) and store energy (Thoms & Gehle, 1982; Zimmels et al., 2003; 
Sorensen, 2007) generated at one time for use at another time (e.g. compressed air and natural 
gas, hydrogen, and methane). At utility scale, energy generated during periods of low energy 
demand (off-peak) can be released to meet higher demand (peak load) periods. The most 
important type of gas storage is in underground reservoirs. There are three principal types: (1) 
depleted gas reservoirs (Baird, 1978; Li et al, 2006), (2) aquifer reservoirs (Birkholzer et al., 
2009; Chabora & Benson, 2009; Whittaker et al., 2012) and (3) salt cavern reservoirs (Langer, 
1993; Perry, 2005; Warren, 2006).  
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Depleted gas reservoirs (Figure I.5.a) are the most prominent and common form of 
underground storage. The general idea of gas disposal in gas reservoirs is that the underground 
volume of the ultimately recoverable hydrocarbons (gas and condensate) is replaced by the gas 
to be stored (van der Meer, 2005; Chiaramonte et al, 2011). The depleted reservoir formation 
is readily capable of holding injected natural gas.  
Aquifers are underground, porous and permeable rock formations that act as natural water 
reservoirs. In some cases, aquifers can be used for natural gas storage. Usually these facilities 
are operated on a single annual cycle as with depleted reservoirs (Birkholzer et al., 2009; 
Whittaker, 2011).  
Underground salt formations (Figure I.5.b) are well suited to natural gas storage. The cavern 
creation process can be expensive and lengthy, with the brine and water infrastructure and 
borehole drilling. This is followed by the completion of the solution mining process, while the 
gas plant is built in parallel, and finally the de-brining process is completed before gas trading 
can commence. As salt caverns are open vessels they offer very high deliverability, with high 
flow rates meaning this type of storage facility is best used for short term trading. 
 
Thus, oil and gas exploration and production requires fundamental knowledge of the 
geological and geochemical conditions and processes leading to hydrocarbon formation and 
trapping (Kukla et al., 2005). The evolution of sedimentary basins, fault structures (Urai et al., 
2008) and sealing integrity of clay rock (Hildenbrand et al., 2003) and rock salt (Schoenherr et 
al., 2007b) play here a critical role.  
Moreover, the gas storage in geological reservoirs requires an understanding of the impact of 
the gas itself on seals and cap-rocks to identify and explore critical parameters that modify 
petrophysical properties such as permeability and fracturing (Li et al., 2006; Birkholzer et al., 
2009; Chabora & Benson, 2009). As stated by Bouchard & Delaytermoz (2004): “A question 
arises however when talking about sequestration, namely the time scale to be taken into 
account. Time is indeed of the essence, and points out the need to understand leakage as well 
as trapping mechanisms. It is therefore of prime importance to be able to predict the fate of the 
injected fluids, in an accurate manner and over a relevant period of time. On the grounds of 
geology, four items are involved in geological storage reliability: the matrix itself, which is the 
recipient of the injected fluids; the seal, that is the mechanistic trap preventing the injected 
fluids to flow upward and escape; the lower part of the concerned structure, usually an 
aquifer, that can be a migration way for dissolved fluids; and the manmade injecting hole, the 
well, whose characteristics should be as good as the geological formation itself. These issues 
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call for specific competencies such as reservoir engineering, geology and hydrodynamics, 
mineral chemistry, geomechanics, and well engineering”. 
I.1.5. Unconventional gas reservoirs 
Because of the constant increasing need for hydrocarbons and the decline of conventional 
resources, the production of hydrocarbons from unconventional reservoirs is actually the major 
challenge for oil and gas industries.  
Though unconventional reservoir rocks may be as porous as other sedimentary reservoir rocks, 
their extremely small pore sizes make them relatively impermeable to gas flow, unless natural 
or artificial fractures occur. Unconventional gas reservoirs include tight gas, coal bed methane, 
gas hydrates, and shale gas. From the point of view of the petrophysicist and the reservoir 
engineer unconventional reservoir can be defined as following: unconventional reservoirs are 
reservoirs with relatively low permeabilities (less than 1 mD) and hence cannot be extracted 
via conventional methods. 
 
In respect to their large potential reserves at world-scale which may be produced with the 
appropriated technology, I focus here on the two following unconventional gas reservoir: (1) 
the shales which are clay-rich fine-grained and organic-rich sedimentary stones and (2) tight 
gas sandstones which are low permeable sandstones because of extensive cementation of sand 
grains (Holditch, 2006; Haines, 2005). In order to optimize the exploration and the production, 
there is currently a large interest in the description and the characterization of porosity, 
microstructure at pore scale and their impact in regards to the permeability (Desbois et al., 
2009, 2011; Loucks et al., 2009, 2012; Wang & Reed, 2009; Ambrose et al., 2010; Curtis et 
al., 2010, 2011a+b, 2012; Dautriat et al., 2010; Milner et al., 2010; Sondergeld et al., 2010; 
Heath et al., 2011; Keller et al., 2011; Schneider et al., 2011; Slatt & O'Brien, 2011; Bernard et 
al., 2012; Chalmers et al., 2012; Klaver et al., 2012; Houben et al., 2013). Clays play here a 
key role. For the shales (Bustin et al., 2008) the microporous clay-rich matrix is one part of the 
hydrocarbon reservoir (Figure I.6.a), the second part are the organics depending of its maturity 
(Figure I.6.b); whereas for the tight gas sandstone the reservoir is the remaining inter-granular 
volume, clays reducing the primary inter-granular porosity (Figure I.6.c) as well as the 
permeability (Kantorowicz, 1990; Dutton et al., 1993). 
 
In many oil fields, shale forms the geologic seal (see also Section I.1.4) that retains the oil and 
gas within producing reservoirs, preventing hydrocarbons from escaping to the surface. 
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However, in some of basins, the shale formation is both the source and reservoir for natural 
gas. These shales are rich in organic carbon. Typically, the methane in organic shales was 
created in the rock itself over millions of years. Thermogenic gas forms when organic matter 
left in the rock breaks down under rising temperature. The gas that is generated is then 
adsorbed onto the organic material, expelled through leaks in the shale, or captured within 
pores of the shale. In some cases, however, an influx of water and the presence of bacteria will 
support the generation of biogenic gas (Frantz & Jochen, 2005). 
The detection of maturity in organic-rich shales relies on geochemical characterization of core 
and drill-cutting samples by pyrolysis technique to determine an index of maturity (Mba et al., 
2010). This index is typically in the form of Total Organic Carbon content (TOC; Ibach, 1982; 
Dickens et al, 2003), the potential of source rocks to generate hydrocarbons (Hydrogen Index, 
HI; Hartmann-Stroup, 1987; Schwarzkopf, 1992), a measure of hydrocarbon already generated 
in shale (S1), a measure of kerogen that can be converted to hydrocarbon at a certain 
temperature (S2; Burnham et al., 1988), the amount of CO2 produced during pyrolysis of 
kerogen (S3), TMax (maximum temperature at S2 pyrolysis; Espitalie, 1986) and other 
derivative indices thereof (Tissot et al. 1987). More recently, indirect geophysical methods are 
being promoted for in-situ detection of maturity. For example, high kerogen content and 
microcrack development due to hydrocarbon migration during maturation increase acoustic 
anisotropy in the direction perpendicular to bedding (Vernik & Nur, 1992; Vanorio et al, 
2008). As thermal maturity increases, organic content reduces. The acoustic properties of 
organic rich shales can be directly correlated with TOC and Hydrogen Index (Prasad et al, 
2009; Mba et al., 2010).  
 
In sedimentary basins bearing tight gas sandstones, illite is present as detrital matrix and as 
diagenetic cement. Diagenetic illite forms after burial to significant depth (Macchi, 1987; 
Meunier & Velde, 2004; Schöner et al., 2008). Fibrous illite growth, in the Central European 
Basin sandstones, is episodic as determined by K-Ar measurement (Wilkinson & Hasseldine, 
2002), rapid as suggested by their elongated morphology (Mullin, 1961) and their nucleation is 
almost exclusively upon preexisting illite grain coating (Pollastro, 1985; Whitney & Velde, 
1993). Illite growth is a major factor in reducing the porosity and permeability of reservoir 
rocks (Stadler, 1973; Seeman, 1979; Kantorowicz, 1990) and cause major problems during 
enhanced recovery (Kantorowicz et al., 1986).  Until now, direct quantitative analysis of the 
morphology of illite cement and its effect on permeability (Pallat et al., 1984; Ziegler, 2006) 
has been difficult, because it was not possible to prepare 2D cross sections and 3D models of 
porosity and because it was not clear to what extent the fabric of the illite is altered by the 
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methods used to clean and prepare the samples for analysis (Rahman et al., 1995), or by the 
analysis itself (Hildenbrand and Urai, 2003). Besides clay cementation, diagenesis may also 
induce sand-grains overgrowths (mainly quartz and Feldspars; Figure I.6.d) or non-clay 
mineral cementation (Figure I.6.d) as may be driven by the twelve diagenetic types 
distinguished in Gaupp (1996) and Schöner (2006).  
 
Core damages (Holt et al., 1994; Haimson, 2007), formed by relaxation of stress (typically 
over hundreds of MPa to atmospheric) after drilling, is a common problem when evaluating 
reservoir, which can lead to the overestimation of porosity and permeability, and then possibly 
to critical problems for relevant hydrocarbon production. Correction for core damage is an as 
yet unsolved question.  
 
 
 
Figure I.6: Illustration of gas pore-reservoir in shales and tight gas sanstones. (a.) SEM (BSE) 
micrograph of a early mature Posidonian Shale (with the courtesy of Jop Klaver): the porosity is mainly 
born by the fine-grained clay-rich matrix, organic being non-porous. Open-pores are indicated in 
yellow. (b.) SEM (SE) micrograph of a mature shale: organics are strongly porous. (c.) Optical 
(polarized transmitted light) micrograph of a thin-section of tight sandstone from the middle-east where 
the primary inter-granular volume between the sand-grains is significantly reduced by 
filling/cementation of clays, cherts and quartz overgrowths. (d.) Optical (transmitted light) micrograph 
of a thin-section of tight sandstone from the Rotliegend (Germany) where the primary inter-granular 
volume (IGV) between the sand-grains is reduced by clay coating, clay filling and calcite cementation. 
Here, the remaining free inter-granular volume is decorated by blue resin impregnation. 
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I.2. The microstructure: an essential key to understand the thermo-
hydro-chemico-mechanical (THCM) behaviours of host and reservoir 
sedimentary rocks 
The current knowledge on microstructures in host and reservoir sedimentary rocks shows that 
mechanical and chemico-physical properties of such geomaterials are relatively well 
understood at length- and time-scales of experimental conditions. However, the relationships 
between macro-properties and microstructures, below the range of few micrometres, remains 
still elusive to be able to detail and describe the mechanisms of deformation and the 
fluids/rocks interactions, which are essential for the establishment of relevant and significant 
constitutive laws. The reliability of the constitutive laws is fundamental because they are used 
to extrapolate in time and space the behaviour of geomaterials out of the experimental 
conditions and therefore, toward the natural conditions. 
 
Because the porosity controls the coupled flows, capillary processes, the permeability and 
indirectly the mechanic of rocks (Romero, 1999; Marshall et al., 2005; Mondol et al., 2007), 
that the nature of interfaces (like grain boundaries) influences the predominant active 
deformation mechanism (Den Brook et al., 2002), and that in general the material fabric 
(Crystallographic orientation, mineralogy, grain size…) predetermines partly the rheology of 
the material (Hueckel & Pellegrini, 1996; Renard et al., 2004; Cho et al., 2006; Robinet et al., 
2008), the direct and fine characterization of porosity, interfaces and fabrics is of fundamental 
interest (Schneider et al., 2011). Moreover, the conditions of coupling between the evolution 
of microstructures, the poro-mechanics and the state of hydration of the studied system is still 
not well understood in detail though these may induce a degradation of the rock’s performance 
(Fanchi et al., 2010; Savoye et al., 2011; Robinet et al., 2008) 
Some recent studies on carbonates (Dautriat et al., 2009, 2011) and on clay-rocks (Bornert et 
al., 2010; Yang et al., 2011) from the underground research laboratory of Bure (France, see 
Table I.2), which have been deformed under gradual hydromechanical load and/or uni-axial 
load, shown some of the aspects above by using the combination of the directional 
permeability measurement and the localization of strain/stress fields by digital image 
correlation (DIC; Doumalin et al., 2003; Elbachiri et al., 2008). Particularly, the monitoring of 
hydration/drying cycles on clay-rocks by optical DIC (i.e. from macro- to meso-scale) over 
few months show that the state of hydration controls the closing/opening of microcracks 
(Renard, 2012). It appeared also that the evolution of directional permeability depends strongly 
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of the orientation and the style of the load. In all cases, the evolution of damages is intimately 
linked to the meso-heterogeneities occurring in the original microstructure (Klinkenberg et al., 
2009). The monitoring of the deformation from mm- to cm- scales can be performed under 
optical microscope, scanning electron microscope (SEM) as well as under X-ray 
microtomograh for volumetric investigations (Viggiani et al., 2004; Hall et al., 2010; Bourcier 
et al., 2012; Borthwick et al., 2012). However, these approaches up to now were not able to 
capture in details what is happening at scales below few micrometres.  
 
In the following sections, the essential problems and concepts related to microstructures in 
host and reservoir sedimentary rocks are synthetized, introducing the basics of my scientific 
work developed in this thesis. 
These are: 
1. Deformation mechanism in naturally and experimentally deformed rocks – The 
concept of natural laboratory 
2. Transport properties - pore morphology: the link between porosity and permeability  
3. Fluid/rock interactions at pore and grain boundary interfaces 
4. Ex-situ damages of host and reservoir sedimentary rocks 
5. Development of specific microscopy methods for microstructural studies in low 
permeable and low porous sedimentary geomaterials 
6. Up-scaling of microstructural investigations: the need a multi-dimensional and multi-
scale approach 
7. Microstructural atlas of natural rocks and prediction of chemical and physical rock’s 
properties based on microstructures 
I.2.1. Deformation mechanism in naturally and experimentally deformed rocks – 
The concept of natural laboratory 
Experimental deformation of salt rocks (Figure I.7.a) shows that halite in laboratory can 
undergo both dislocation creep (mainly for coarse-grained samples) and grain boundary 
dissolution-precipitation processes such as solution-precipitation for fine-grained samples, 
even at low differential stress (Spiers et al., 1990; Carter et al., 1993; Spiers and Carter, 1996). 
At certain conditions of differential stress and temperature, the activation of dominant 
solution-precipitation creep result in strain rates up to few orders of magnitude greater than 
those expected when the dislocation creep is activated (Figure I.7.a). In nature, both creeps can 
occur in competition (Urai et al., 1987; Schléder & Urai 2007; Desbois et al., 2010); solution-
CHAPTER I: Applications and microstructural challenges related to host and reservoir sed. rocks 
Dr. Guillaume Desbois – Habilitation Thesis, 2014 48 
precipitation being enhanced by the reduction of grain-size and the presence of inter-granular 
brine during the deformation (Urai et al., 1986, 2008a; Desbois et al., 2008, 2010, 2012a+b; 
Zavada et al., 2012).  
In Figure I.7.a, for example, the deformation conditions of domal salt are reported showing 
that experimental deformation conducted at laboratory conditions cannot describe the natural 
deformation occurring in nature; mainly because of time-scales, which cannot be reproduced 
by experiment. Subsequently, experimental rheological laws have to be extrapolated to 
estimate the rheology of natural salt flow in nature.  
 
 
 
Figure I.7: Concept of natural laboratory in domal salt: calibration of rheology based on 
microstructures. (a.) Experimental data on the rheology of Halite (Hansen & Mellegard, 1980; Hansen 
& Carter, 1984; Handin et al., 1986; Spiers et al., 1986; Senseny, 1988; Horseman & Handin, 1990; 
Horseman et al., 1992; Hunsche et al., 2003). The dashed line represents creep law for dislocation 
creep (T = 50 ºC, Carter et al., 1993). The continuous lines represent extrapolation of experimental 
data from fine grained halite where solution-precipitation creep is dominant, to larger grain sizes, at 
T=50ºC, (Spiers et al., 1990). The blue-shaded area represents the deformation conditions of domal salt 
in nature. Modified from Schlèder, 2006. (b.) Microstructures in naturally long-term deformed salt 
rocks. Sub-grain sizes analysis (or piezometry) is used to estimate paleostress; relationships and style of 
grain microstructures are used to infer the active deformation mechanisms; the topology of grain 
interface with the distribution of fluid may give indications on the mobility of grain boundaries. These 
microstructural information replaced in the geological context of the studied salt body allow 
reconstructing the complexity of salt flow processes in nature. 
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Based on such an approach, domal salt for underground nuclear waste storage in Germany (see 
Section I.1.3) is considered to deform dominantly by dislocation creep in steady state (Bräuer 
et al., 2011). However, the “strain rates vs. differential stress” map from Figure I.7.a suggests 
that at conditions of domal salt both dislocation creep and solution-precipitation creep may be 
realistic. In case of underground nuclear waste storage, the full activation of solution-
precipitation creep may be critical in respect to the confinement’s performance of the rock salt 
because of resulting high-strain rates even at low differential stress. Here, the prevision of 
domal salt rheology at long term (in the time-range from 1000 to 1,000,000 years) remains 
elusive because of limiting time-scale achieved by laboratory experiments. 
Therefore, because natural salt rocks have been deformed for long time (within the scale range 
of sedimentary basin formation), deforming rock salts in nature offers a unique opportunity to 
reconstruct deformation conditions in slow creep for rock salt based on identification of 
deformation mechanisms and constitutive equations from laboratory calibrations, experiments 
and theory. In deed, the naturally deformed salt rocks are assumed to have recorded 
deformation history undergone by the salt body through the microstructures (Figure I.7.b; Urai 
et al., 1986, 1987, 2008a; Schléder & Urai, 2005, 2007; Schléder, 2006; Schléder et al., 2008; 
Schoenherr et al., 2007, 2009; Desbois et al., 2008, 2010, 2012a; Zavada at al., 2012): sub-
grain sizes analysis (or piezometry) is used to estimate paleostress experienced by the samples, 
relationships and style of grain microstructures are used to infer the active deformation 
mechanisms, the topology of grain interface with the distribution of fluid may give indications 
on the mobility of grain boundaries. These microstructural information replaced in the 
geological context of the studied salt body allow reconstructing the complexity of salt flow 
processes in nature. 
 
Conventional deformation experiments of mudstones and sandstones (Wong et al., 1997; 
Aplin, 1999; Paterson & Wong, 2005) allow describing rheology of bulk materials of few tens 
of cm3. At smaller scale, deforming mudstones and sandstones are currently studied in cm3 
volume by X-ray tomography combined with digital correlation (Lenoir et al., 2007; Hall et 
al., 2010; Andò et al., 2012) in order to localize the deformation (Figure I.8.a-c.). In coarse-
grained sand, this approach makes single-grain displacements even traceable to follow rotation 
and mixing of the material inside of the localized deformation band (Figure I.8.d-f.; Andò et 
al., 2012).  However, the resolution of X-ray tomography does not allow investigating 
microstructures below µm- scale (Figure I.8.c). Therefore, especially in fine-grained rocks in 
which I am interested, the approaches above allow knowing “when” and “where” the 
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deformation occurs but not “how” because the relevant typical scale for microstructures is 
below µm. The investigation of post-mortem microstructures (Desbois et al., 2009; 2011; 
Loucks et al., 2009, 2012; Curtis et al., 2010; Keller et al., 2011; Schneider et al., 2011; 
Houben et al., 2013; Klaver et al., 2012) below µm- scale is possible by using scanning 
electron microscopy (SEM, see Section II.2.5 for details on methods) on large (up to 2 mm2) 
2D broad-ion-beam-polished cross-sections or in 3D from serial small (<500 µm2) focussed-
ion-beam cross-sections. However, though of the above methods are complementary, the 
complexity of diagenetic processes (which can lead, for example, to the modification of the 
original microstructure by cementation of pore space, dissolution and metamorphosis of 
minerals; Mondol et al., 2007; Urai et al., 2008b) cannot be reproduced in laboratory 
experiments to fit the nature, pointing to the necessity to investigate naturally deformed 
mudstones. As noticed by Mondol et al. (2007): “Chemical compaction of mudstones is 
difficult to investigate in the laboratory due to slow kinetics, but mechanical compaction can 
readily be simulated to gain better understanding of the compaction behavior of mudstones”.  
 
 
 
 
Figure I.8: Micro-mechanisms of deformation followed by DIC in clay rock (a-c., modified from Lenoir 
Lenoir et al., 2007) and sandstone (d-f., modified from Andò et al., 2012) during in-situ µCT 
deformation experiment. (a.) Deviator stress versus axial strain response recorded during test on 
callovo-oxfordian clay (France) at 10 MPa confining stress. (b.) Deformation increment 2–3 of test 
shown in (a.). Vertical cut along the axis of the specimen. Left: deviatoric incremental strain (strain 
averaged over the elements: local gauge length is 280 lm); right: radiographic cut at step 3, i.e. at the 
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peak deviator stress. The colour scale covers the range [0, 0.15]. (c.) As (b.), but deformation increment 
3–4. (d.) Slices from an x-ray tomography of a Caicos Ooid sand sample under confining pressure. 
Lighter colours mean higher x-ray attenuation. (e.) Results of ID-Track on five strain increments for 
Caicos Ooids sand show in (d.). Results are shown as slices oriented in order to contain both the axis of 
the sample and the normal to the shear band that eventually forms; tracked grains are coloured by the 
norm of their displacement vector or value of rotation (axis of rotation not shown). (f.) Zoom into shear 
band at the last strain increment 5–6 in (e.). 
 
Thus, microstructural study of naturally deformed rocks is the bottom line for the calibration 
constitutive equations. However, natural geomaterials are complex in regards to their 
mineralogy, crystallochemistry, and also microstructures, which may have recorded a complex 
history of deformation. In respect to these, natural samples may be problematic to clearly 
determine, on the macroscopic response, the effect of composition (mineralogy, 
crystallochemistry, phase contents, nature of fluids), microstructures  (crystallographic fabrics 
and textures, porosity, phases distribution), as well as their evolution under thermo-hydro-
chemico-mechanic load. Therefore, investigations on synthetic samples (standards), with 
controlled intrinsic properties, are requested in order to decouple parameters and to evaluate 
their individual effects (Schenk & Urai, 2004, 2006; Schneider et al., 2011; Desbois et al., 
2012b) 
I.2.2. Transport properties - pore morphology: the link between porosity and 
permeability 
Lithospheric and near surface rocks bear ever a certain amount of porosity in multiple grain 
junction and grain boundaries, whose connectivity is one of the fundamental parameter 
defining the hydro-mechanical material-properties (Medina et al., 2011); the architecture of 
connectivity controlling the permeability. 
Unfortunately, experimental measurement of porosity and permeability show that the 
relationship between porosity and permeability is not straightforward. Figure I.9a-b shows 
examples of permeability vs. porosity for carbonates (Figure I.9a) and sandstones (Figure I.9b) 
reservoir rocks. In these examples, for a given porosity, permeability can vary up to four 
orders of magnitude. As another natural example, despite their high porosity, basaltic rocks are 
not permeable because pores are not connected. In such igneous rocks, fluids flow can only 
occurs through a fractured network. In contrast, pore network in diagenetic (carbonates, 
sandstones, claystones…) and evaporitic (e.g. halite) sediments, which can bear large ranges of 
pore morphologies and porosity, and preserve a certain level of connectivity controlled by the 
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diagenesis process itself. Figure I.9c illustrates schematically the reason of such a discrepancy: 
though all of the five sub-diagrams of the Figure I.9c depict the same porosity, the resulting 
level of permeability is defined by the architecture of the connectivity and the pore-throat 
sizes. In deed, the pore morphology is the link between porosity and permeability (Figure 
I.9d). 
 
 
 
Figure I.9: porosity vs. permeability. (a.) permeability and helium-porosity data plotted for different 
lithofacies (LA10, LA11, LA12,LA13,LA14) of carbonates from the Natih formation in Oman (from 
Hollis et al., 2010). (b.) permeability and wireline-log-porosity data for lower Miocene sandstones in 
western Gulf of Mexico (from Dutton et al., 2012). (c.) Schematic drawing of the concept of pore 
morphology controlling permeability. All of the five sub-diagrams depict the same porosity, the 
resulting permeabilities depend on the pore morphology and the pore-throat morphology. (d.) The link 
between porosity and permeability is the pore morphology. 
 
Because the connectivity of the porous network in low permeable rocks is controlled by pore 
throats of typical sizes below the µm-scale, the direct characterization of the pore throats 
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requires high-resolution techniques like scanning and transmission electron microscope (SEM 
and TEM, respectively; Curtis et al., 2010; Janssen et al., 2010; Keller et al., 2011). Moreover 
because the comprehensive characterization of connectivity implies also the notion of tri- 
dimensional space, ion milling facilities (Focussed Ion Beam [FIB] and Broad Ion Beam 
[BIB]) implemented within the SEM are of special interest for preparing high quality 2D cross 
sections and the reconstruction of elementary volumes from serial cross sectioning (Curtis et 
al., 2010; Holzer & Cantoni, 2012; Desbois et al., 2009, 2013). Unfortunately, both 
polychromatic and monochromatic X-ray sources based µCT are not suitable to investigate 
such pore throats in host and reservoir rocks studied in this thesis; mainly because a sub-
micrometric resolution is difficult to achieve with X-ray µCT (Robinet et al., 2011). 
Conventional porosimetry methods (mercury injection porisimetry, helium porosimetry, 
weight loss porosimetry, cation exchange porosimetry…) are only able to provide information 
about bulk pore size distribution without catching the morphology of the pore network (Klaver 
et al., 2012; Houben et al., 2013). One potential alternative is the wood’s metal injection 
(metal alloy based bismuth; Willis et al., 1998; Hildebrand & Urai, 2003;) instead of mercury. 
Wood’s metal has two major advantages: (1) this alloy is less toxic than mercury and (2) it is 
in solid state at room temperature conditions (T<60°C). The second advantage is particularly 
interesting because the Wood’s metal stays trapped after injection. Therefore, its distribution 
within the pore network (i.e. its permeability; Hildenbrand & Urai, 2003) can be directly 
investigated by using SEM; here the quantification of Wood’s metal-filled pores may be 
achievable on surfaces prepared by ion beam methods (FIB or BIB; see Section II.2.5). This 
approach would correlate bulk porosity measurement from conventional metal intrusion 
porosimetry with effective permeability and pore morphology information. 
I.2.3. Fluid/rock interactions at pore and grain boundary interfaces 
I.2.3.a. Dihedral angle 
In low porosity monophasic polycrystalline aggregate (like halite salt rock) in contact with 
one-phase fluid (like brine in halite salt rock), the balance between solid-solid and solid-fluid 
interfacial energies controls the fluid topology, and hence the dihedral angle θ (Figure I.10; 
Schenk, 2006). The majority of previous work has concentrated on characterizing the fluid 
distribution under purely hydrostatic conditions. In the case of θ > 60°, the fluid will be present 
inside isolated inclusions, whereas for 0° < θ < 60°, the fluid form an interconnected network 
on grain boundary triple junctions (Holness, 1997). A dihedral angle θ = 0° results in complete 
wetting of grain boundaries, but is interpreted unlikely to occur under these equilibrium 
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conditions (Watson & Brenan, 1987). Hess (1994) proposes that very thin films may exist even 
on grain faces in equilibrium fluid topologies characterized by non-zero dihedral angles. The 
stress state of much of the solid Earth however, is governed by deviatoric (=non hydrostatic) 
stresses. This affects the dihedral angle and so the fluid distribution (e.g. Urai et al., 1986; 
Tullis et al., 1996) and is supported by theoretical considerations that show that the concept of 
equilibrium fluid distribution may not be applicable or relevant during deformation (Heidug, 
1991). 
 
 
 
Figure I.10: Schematic drawings showing the dihedral angle and its significance for connectivity of 
fluids in texturally equilibrated porous rocks. (a.) The geometry of the dihedral angle θ results from 
balancing of grain boundary interfacial energy (γss) and solid-fluid interfacial energy (γsf). (b.) 
Representation of idealized fluid distribution with cross-sections: the left grain shows a dihedral angle 
less than 60° resulting in fluid distribution alonf a connected triple junctionnetwork; for θ >60° (right 
side) however, the fluid is restricted to isolated inclusions in triple junctions or along grain boundaries 
(from Schenk, 2006; after Smith, 1964). 
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Though the basics concepts are similar to those described in Figure I.10, the interaction of the 
interface between two fluids and the surface of a reservoir mineral grain is a slightly more 
difficult problem because of increasing number and type of contacts; but of essential interest 
for Reservoir Engineering. Reservoir Engineering is a key part of the hydrocarbon industry, 
aiming to maximize hydrocarbon production from increasingly complex reservoirs. Enhanced 
oil recovery, with physical, chemical, biological methods and combinations of these is a major 
challenge with large potential benefits of increasing efficiency. One of the fundaments of 
Reservoir Engineering is the capillary process of the interaction of the interface between two 
fluids and the surface of a reservoir mineral grain. There are major research efforts ongoing in 
the oil industry to improve our understanding of multiphase flow in porous rocks. However, it 
is very surprising that our understanding of this interaction of the interface between two fluids 
and the surface of a reservoir mineral grain is rather incomplete. Despite the enormous value 
of oil in reservoirs and the difficulties in producing this oil efficiently, the elementary 
processes at the interface of two-phase fluids in contact with mineral surfaces in porous rocks 
are poorly understood. The reason for this is the lack of observational techniques at the 
appropriate scale. 
Similar problematic occurs for CO2 underground storage. The sealing capacity of the cap rock 
is significantly reduced due to the much lower interfacial tension of the CO2-water system than 
that of the hydrocarbon-water system when the hydrocarbons in a reservoir are replaced with 
the injected CO2. As a result, the injected CO2 may migrate through the cap rock into the upper 
formations by volume flow (Li et al., 2006). 
I.2.3.b. Fluid at grain boundaries vs. Deformation mechanisms in salt rocks 
The morphology of grain boundaries and multiple grain junctions, as well as their occurrence 
(controlled by the grain size and the level of textural equilibrium), have an impact on the 
mechanism of intra- (dislocations glide, volumetric diffusive transfer) and inter-crystalline 
(grain boundary sliding, dissolution precipitation and diffusive transfer at boundaries) plastic-
deformation mechanisms (Poirier 1985; Urai et al., 1986, 1987; Drury & Urai, 1990; 
Bestmann et al., 2005; Piazzolo et al., 2006; Urai & Spiers., 2007; Bourcier et al., 2012). The 
effect of inter-granular fluids on grain boundary mass transfer in halite has been demonstrated 
by numerous examples from nature, and also by experiments during both fluid-phase 
diffusional creep (pressure solution) (Urai et al., 1986; Gratier, 1993; Lehner, 1990, 1995; 
Drury & Urai, 1990; Spiers et al., 1990; Hickmann & Evans, 1991; Peach, 1991; Schutjens, 
1991; Martin et al., 1999; Schutjens & Spiers, 1999; De Meer et al., 2002, 2005) and fluid-
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assisted grain boundary migration (Peach et al., 2001; Schenk & Urai, 2004; Urai et al., 1986; 
Watanabe & Peach, 2002).These deformation mechanisms are strongly controlled by inter-
granular fluid phases and grain boundary microstructures. However, though innovative 
methods has been developed to infer the fine structures at such a grain boundary (Hickmann & 
Evans, 1991, 1995; De Meer et al., 2002, 2005; Dysthe et al., 2002; Van Noort et al., 2006; 
Schenk et al., 2006; Desbois et al., 2008, 2012, 2013), the morphology of deforming grain 
boundary is still matter of debate (Den Brok et al., 2002; Ghoussoub & Leroy, 2001; Lehner, 
1995; Urai et al., 1987) because, so far the nature of such fluid films in deforming boundaries 
has been inferred only indirectly. 
Schenk et al. (2006) give a comprehensive description of different models for deforming fluid-
filled grain boundaries: “Firstly, for pressure solution, three different, nonexclusive models 
have been proposed (den Brok et al., 2002) [Figure I.11a]: (i) the thin film model, (ii) the 
island-channel model and (iii) the island-crack model. In the thin film boundary model 
(Hickman & Evans, 1991; Renard & Ortoleva, 1997; Rutter, 1976) the grains are separated by 
a thin, structured water film with a thickness of a few nanometres. This film is proposed to 
transmit the contact stress, and dissolution followed by diffusion is the process of transport of 
material. The island-channel boundary model (Lehner, 1990; Spiers & Schutjens, 1990) is 
based on the assumption that, during pressure solution, the fluids residing in thin films are 
squeezed out between the grains, resulting in solid–solid contact (islands) through which the 
contact stresses are transmitted, together with water-filled channels through which the material 
transport takes place by diffusion. This microscopically rough island-channel structure is 
dynamically stable. The island-crack boundary model (den Brok, 1998; Gratz, 1991) proposes 
static islands that are separated by microfracture-controlled fluid channels. In contrast to the 
solid–solid contact of the island-channel model, the islands in this model contain thin films 
comparable to the earlier proposed thin film boundary model. However, compared to the thin 
film model, the total diffusivity in the island-crack model is increased by the presence of the 
microcracks. Secondly, experiments on wet polycrystalline halite deformed at temperatures 
between room temperature and 150°C in the non-dilatant field indicate that halite recrystallizes 
readily both during and after deformation (Drury & Urai, 1990; Peach et al., 2001; Spiers et 
al,. 1990; Urai et al., 1986; W atanabe & Peach, 2002). […] The fluid-filled grain boundaries 
are interpreted to migrate by (i) dissolution of the deformed grains, (ii) diffusion through the 
brine film and (iii) precipitation on the low-index facets of the recrystallized grains forming 
smooth grain surfaces (e.g. Spiers et al., 1990; Urai et al., 1986), comparable to the step model 
of Gleiter (1969).” 
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Figure I.11:  (a.) Schematic illustration of the grain boundnary structure according to the difference 
model for pressure-solution (after Den Brok et al., 2002). 1. Thin film model; 2. Island-channel model: 
3. Island crack model (see text for detailed description). (b.) The schematic concept of grain boundary 
healing: a thin-film-filled grain-boundary may undergo grain boundary healing by stress-decreases or 
drying resulting by re-arrangement of grain-boundary towards s healed grain with typical fluid 
boundary as isolated fluid-inclusions (here the salt hardens); in constrast a healed grain-boundary may 
be reactivated by stress-increases or influx of fluid towards thin-film-filled grain-boundary (here the 
salt softens). 
 
At the opposite, grain boundary healing process driven by surface energy, which may occur 
under certain conditions, could anneal active deforming grain boundaries. Figure I.11b 
schematizes the concept of grain boundary healing. Driven by stress decreasing or/and drying, 
a thin fluid film at grain boundary can evolve toward a healed grain boundary, which results in 
the redistribution of fluids as isolated grain boundary fluid-filled inclusions and in aggregate 
hardening. In contrast, a healed grain boundary may be reactivated into grain boundary with 
thin fluid film by stress increasing or/and fluid infiltration. This concept is well supported both 
by theoretical works and experiments. Ghoussoub & Leroy (2001) proposed that marginal 
dissolution of necks at grain boundary by fluid infiltration would increase local stress; Van 
Noort et al. (2008) established a healing criterion, which suggests that reactivation of a healed 
grain-boundary can be reactivated by overpassing a yield stress function of grain curvature.  
 
Urai et al. (1986) point to enhancement of solution transfer creep by the reactivation of healed 
grain boundaries, which is also in agreement with the healing criterion of van Noort et al. 
(2008). In Urai et al. (1986), naturally deformed rock salt samples from the Asse mine 
(Germany), observed at laboratory conditions, exhibit grain boundaries with isolated fluid-
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filled pore array interpreted as healed grain boundaries. When these samples are deformed 
under non-dilatant conditions (σ = σ1 – σ3 = 10 MPa and grain size in the range of 1-5 mm), 
the authors measured the increase of strain rate compatible with pressure-solution mechanism 
interpreted to occur as a result of a change in grain-boundary morphology. Post mortem SEM 
observations after one month and one year indicate evolution of grain boundaries 
morphologies from continuous thin fluid film to isolated fluid-filled pore array after the 
samples were unloaded.  
Static recrystallization experiments (Desbois et al., 2012) on synthetic wet coarse-grained 
sodium chloride (annealed times from minutes to year) prepared by Broad Ion Beam polishing 
and SEM observations at cryogenic temperature (BIB-cryo-SEM) interpreted that the 
boundaries without observable brine films (<15 nm) and brine inclusion arrays are healed and 
immobile. Evolution of such a grain boundary structure involves three major processes. First, 
dissolution on one side of the grain boundary and precipitation on the other side, resulting in 
grain boundary migration. Second, the development of facets formed by low-index 
crystallographic planes of the grains bounding the grain boundary brine. When both sides of a 
grain boundary are able to develop low-index facets in a thick brine film, the resulting 
impingement boundary is interpreted to be immobile and may prevent the new grain from 
migrating into a deformed neighbour. When one side of a faceted boundary consists of low-
index crystallographic planes and the other side passively follows this faceted shape along 
irrational surfaces, the boundary is mobile. Third, the healing of grain boundary brine films, 
producing solid-solid grain boundaries without resolvable brine films.  
The following of deformation in polycrystalline synthetic halite, by using a see-through 
deformation apparatus (pre-deformed polycrystalline synthetic halite in triaxial apparatus at 
150 MPa, subsequently deformed at around 15 MPa axial stress at 90ºC in see-through 
deformation apparatus [Schmatz, 2010; Schmatz et al. 2011] with strain rate around 1e-06 s-1; 
initial grain size around 200 µm), allows reconstructing the sequence of fluid redistribution at 
grain boundaries during post-kinematic annealing. The experiment showed also 3 steps. A 
moving grain boundary, which incorporates fluid inclusions from bulk grains, leaves behind a 
fluid inclusion-poor grain; fluid forms a continuous film along the grain boundary (Step I; 
Schenk & Urai, 2005). Then, the fluid film shrinks along grain boundary into small isolated 
inclusions (Step II) subsequently followed by the equilibration of small, meta-stable fluid 
inclusions along grain boundary into fewer and larger inclusions (Step III; Schmatz 2010). At 
step III, grain boundary with isolated fluid inclusions are immobile and are interpreted as 
healed grain boundary, which represents the equilibrium state. 
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I.2.3.c. Methods to investigate preserved microstructures 
Traditional epoxy-resin impregnation is usually not suitable for microstructures preservation. 
However, some novel impregnation resin methods, based on 14C-MethylMeth-Acrylate (14C-
MMA) resin (Hellmuth et al. 1993; Siitari-Kauppi, 2002; Sammartino et al., 2002; Prêt et al., 
2004; Sardini et al., 2009) are developing both to preserve microstructures and image very 
small pore connectivity (down to nm pore diameter; Sardini et al., 2009). Water and 14C-MMA 
molecules are polar, thus they are both able to penetrate within the interlayer space of smectite 
(dipolar moment of 14C-MMA and water are 1.7 Debye and 1.85 Debye, respectively); the 14C-
MMA resin being polymerized within the sample using a 60Co gamma-ray source. This 
method was applied successfully on sandstones (Sardini et al., 2009), mudstones (Sammartino 
et al., 2002, 2004; Prêt et al., 2004), basalt (Siitari-Kauppi 2002), silica glass (Siitari-Kauppi 
2002), bentonite (Prêt et al. 2010) and cement paste (Sardini et al., 2007). Autoradiography of 
impregnated samples allow quantification of porosity as function of mineralogy forming the 
sample fabric (Sardini et al., 2009; Prêt et al. 2010) but quality of image is not good enough to 
access to the morphology of individual pores in real 2D cross sections.  
Deforming fluid-filled grain boundaries in rock salt were already studied in different see-
through deformation apparatus mounted under transmitted light optical microscope. This 
approach allows following the redistribution of fluid at in the salt aggregate during 
deformation when combined with Digital Image Correlation (DIC; Schmatz, 2010; Schmatz & 
Urai, 2010; Schmatz et al. 2011), the structure and diffusive properties of fluid-filled grain 
boundaries when combined with infrared (micro) spectroscopy (De Meer et al., 2005), the 
effect of grain/interphase boundary structure during pressure-solution associate with kinetics 
of processes (Hickman & Evans, 1991, 1995), the roughness development at a stressed 
sloid/fluid interface (Den Brok et al., 2002), and intergranular contact topology at single grain-
grain contact (Schutjens & Spiers, 1999). 
Because X-ray µ-tomography does not require dry sample, this technique is also a good 
candidate for the 3D investigation of sample in hydrated state (Onaisi et al., 1993; Otani & 
Obara, 2004; Van Geet et al., 2005). X-ray tomography can also scan deforming sample to 
investigate microstructural changes during loading and fluid circulation (Renard et al., 2004; 
Renard, 2004; Borthwick et al., 2005) providing thus 4D microstructal data. Some other 
development of X-ray-tomography technique allows also tracking the 3D distribution of fluids 
within the porous network (Prodanovic et al., 2007) and paving towards possible studies on the 
dynamic redistribution of fluids as a function of loading, for example. 
At smaller scale, about 15 years ago, few laboratories started to use a cryogenic SEM (cryo-
SEM; initially developped for biological specimen : Echlin 1978; Sargent1988; Erlandsen et 
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al. 1997; Fauchadour et al. 1999; Walther & Muller 1999; Frederik & Sommerdijk 2005; 
Marko et al. 2007) to access to the fluid distribution  (Fassi-Fihri et al. 1992; Mann et al. 1994; 
Chenu & Tessier 1995; Robin et al. 1995; Tritlla & Cardellach 1997; Durand & Rosenberg 
1998; Shepherd et al., 1998; Vizika et al. 1998; Barnes et al. 2003; Negre et al. 2004; 
Kovalevych et al. 2005, 2006; Schenk et al. 2006) related to preserved microstructures as in 
natural hydrated conditions, but limited to studies of fluid inclusions and wettability on 
fractured surfaces. The authors above validated the method but observations made on fractured 
surface were difficult to interpret and thus experiments stopped. Recently the use and 
development of ion beam techniques (Ga+- Focussed Ion Beam [FIB] and Ar-Broad Ion Beam 
[BIB]) directly implemented within SEM (Holzer et al., 2007, 2010; Desbois 2008, 2009, 
2012, 2013) allow investigating representative preserved high-quality cross-sections towards 
microstructural quantifications. 
I.2.4. Ex situ damages of host and reservoir sedimentary rocks 
The microstructural, petrophysical and geochemical study of host and reservoir sedimentary 
rocks requires samples as representative as possible of the intrinsic characteristics of the target 
rocks before human interference in order to characterize the potential reliability and, then the 
ultimate performance of the rocks (Techer et al., 2009).  
 
Ex situ damage of rocks (i.e. all microstructural, petrophysical and geochemical damages 
induced by human interference) appears at all stage of human interference and at large scale 
ranges (from >m to nm). Table I.3 presents an overview of common damages in respect to 
different potential human interferences, as well as related existing solutions to minimize the 
development of damages; references works are indicated within Table I.3. 
 
From Holt (2004), when an undergroung laboratory is designed (here, damages related to 
tunnel and shaft engineering are usually referenced under the generic term of Excavation 
Damage Zone [EDZ]), a core sample is taken from the subsurface or a sub-sample is selected 
from core sample, damages may occur immediately (by drill-out; by action of the drill-bit) 
or/and during retrieval to the surface. There is a further chance of sample damage by handling, 
transport, storage and preparation. A number of mechanisms may cause core damage in all 
these phases. One should remember that the importance of a specific damage mechanism 
depends on the rock property that we want to determine: for instance, a mechanism that 
changes the structure of pore fill material, is likely to influence strongly on permeability, 
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whereas it should have a much less significant effect on mechanical properties. On the other 
hand, if the rock is brought to mechanical failure during coring, this will have a dominant 
effect on mechanical behaviour, whereas the expected effects on porosity and permeability are 
less. The following damage mechanisms should be considered: stress, pore pressure and 
temperature release, and exposure to non-native fluids. The mechanisms above are most of 
time not independent to each other and may result in very complex sequence of damage. For 
example, stress relaxation after coring may induce formation of cracks enhancing drying; 
drying of clay mineral induces schrinkage of clay aggregates favoring cracks; drying combined 
with cracking enhances mineral/air contact leading to mineral oxidation. 
In some cases, the method used to characterize the properties and microstructures of rocks may 
induce artifact in data interpretation, because the analyse itself may damage the sample. Bulk 
porosity measurement by mercury injection can be controversial when applied to soft material 
because of potential compaction of the bulk material during increasing injection pressure 
(Hildenbrand & Urai, 2003), which result in an overestimated porosity. Preparation of samples 
for microscopy requires also some methods, which may turn into modification of the original 
microstructures. Again for example, decoration of rock salt microstructure by gamma-
irradiation was recognized to induce possible solid-state deformation and migration of fluid 
inclusions (Celma & Donker, 1994); ion beam polishing to prepare high quality surface 
suitable for scanning electron microscopy (SEM) can atomically modify the first nm-layer of 
the cross-section (Ishitani & Yaguchi, 1996) or high-acceleration-voltage electron beam used 
in SEM can burn locally the surface when obersed at high magnification (Nadeau & Hurst, 
1991). Moreover SEM operating at high vacuum can dry samples. 
 
Therefore, damages can lead to erroneous interpretations of the rock characteristics. For Oil 
Company, misleading interpretations of porosity and permeability, which are essential 
parameters for targeting well-drill, result in lost of huge amount of money; whereas misleading 
interpretations for claystones performance can be potentially dramatic because such rocks are 
investigated for storage of long-term high-level nuclear waste (see Section I.1.3). In some 
cases, solutions exist to minimize the different potential damages at different levels of human 
interference (see Table I.3) but these are not 100% reliable and straightforward recipes. 
In respect to above, the challenge is to describe as closely as possible the original reference 
material, or at least to identify damages and understand the related mechanisms in order to 
correct biased properties of damaged rocks. 
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Table I.3: Overview of ex-situ potential microstructural damages that salt rocks, mudstones and tight gas sandtones may experience
Type of damages Specific comments References Solutions References
Drying
Mineral ageing/oxydation
Dilatancy
Drop of pore-fluid 
pressure
Drying
Drying of clay-rich aggregates induces schrinkage of 
original mineral  fabric or recrystallisation processes in 
rock salt
Kang et al., 2003; Soe et al., 
2009; Hedan et al., 2012
Low water-diffusivity packaging
Mineral ageing/oxydation
Modification of Sr isotope ratio, oxydation of pyrite and 
organics, precipitation of Ca-sulfates and Fe-
oxzhydroxides 
Descostes et al., 2002; 
Charpentier et al., 2004; E 
Craen et al., 2002; Techer et al., 
2009
Storage in argon gas and Al-sealed bag
Dilatancy
Pore pressure release
Mechanical 
friction at core 
wall
Shear failure Only the first few cm of the core are affected Maury et al., 1988; 
Low-speed drilling; if the core is 
sufficiently thick the shear failure due to 
the compressive zone can be neglected as 
a source of damage
Maury et al., 1988
Temperature 
release
Crack formation upon 
cooling & rock-fluid 
interaction affected
Microscopically crack formation is  driven by thefact that 
dofferent minerals have different coefficient of thermal 
expansion
Holt, 1994 - -
Non- native 
fluids
Fluid-mineral interaction, 
change of fluid saturation
This may results in clay mineral swelling, pH modification 
and salinity change
Holt, 1994; Hettema et al., 
2002
´
 Maury et al., 1988; Dyke, 
1989; Santarelli & Dusseault, 
1991
Mineral ageing/oxydation
Modification of Sr isotope ratio, oxydation of pyrite and 
organics, precipitation of Ca-sulfates and Fe-
oxyhydroxides 
Descostes et al., 2002; 
Charpentier et al., 2004; E 
Craen et al., 2002; Techer et al., 
2009
- -
Drying
Drying of clay-rich aggregates induces schrinkage of 
original mineral  fabric or recrystallisation processes in 
rock salt
Kang et al., 2003; Soe et al., 
2009; Hedan et al., 2012
Dilatancy Desbois et al. 2011
Drop in pore pressure -
- Drying
Metal injection porosimetry methods requires dried 
samples
Galle, 2001; Kang et al., 2003 - -
- Mechanical compaction
Compaction of sample during metal injection is interpreted 
as injected metal in pore space and then as connected 
porosity
Majling et al., 1995; 
Hildenbrand & Urai, 2003
- -
- Conformance errors Due to roughness of sample surface from cutting Sigal, 2009
Porosity imaging to calibrate porosity 
curves with relevant microstructures
Kalvet et al., 2012
Drying Optical thin-sections cannot be prepared wet -
Resin schrinkage
Resin may schrink during polymerisation inducing 
modifications of rock microstructures
Murphy, 1982
Clay smear - Catt & Robinson, 1961
Brittle deformation Inherent to grinding Pike & Kemp, 1996
Surface roughness
Depends on the particle-size use to polish the sample and 
on the material heterogeneity
Dreyer et al., 2010 Use of very fine  grinding-mean
Gamma 
irradiation
Solid-state deformation 
and migration of fluid 
inclusions 
Gamma irradiation is used to decorate microstructure in 
salt
Celma & Donker, 1994
Minor at low gamma doses, damage are 
usually identifiable and can be removed 
from interpretation
Anthony & Cline, 1973; 
Holdoway, 1973; Celma & 
Donker, 1994; Schléder et al., 
2007
Amorphous surface
Ion-material interaction can modify the very first nm-layer 
of the cross-section 
Ishitani & Yaguchi, 1996
Low current ion beam, inert gas based ion 
source
Kato, 2004; Kim et al., 2011
Surface curtaining
Due to heterogeneity of mineral fabric, porosity and 
flatness of the surface above the cross-section
Ishitani & Yaguchi, 1996; 
Volkert & Minor, 2007; Römer 
et al., 2009
Rotation of sample during miling, local 
surface thick coating, FIB based on  
xenon source
Ishitani & Yaguchi, 1996; 
Kwakman et al., 2011
Vacuum Drying
Inherent to high vacuumm SEM and may also occur in 
stand alone FIB/BIB devices, which operate under vacuum
Galle, 2001
cryogeny, high vacuum freeze- drying, 
low vacuum SEM (ESEM)
Cheng et al., 2004; Doehne et 
al., 2005; Desbois et al., 
2008,2009, 2012; Holzer, 
2010
Energy density 
of e- beam
Surface burning
High accelaration voltage is required for good images but 
observation at high magnification concentrates the energy 
of e- beam in small area
Nadeau & Hurst, 1991 Use of low accelerating voltage -
Acronyms:
Origin of damages
Scales of 
damages
Local damages
Cutting
Relaxation of in-
situ stress 
conditions
In some cases, temperature and humidity 
variations can be regulated by closing 
mine/tunnel.
Sedimentary rocks are anisotrope in term 
of mechanical properties; thus the choice 
of gallery design can minimize 
mechanical damages
Existing solutions to minimize damages
Resin over-coring, carefull operational 
coring
High-viscosity resin-impregnation
Prêt et al. 2004; Sardini et al. 
2009
-
Hettema et al., 2002; 
Nussbaum et al., 2006; Yan et 
al., 2012
-
These effects results in sample dilatant fractures and 
expellation of pore water
These effects results in sample dilatant fractures and 
expellation of pore water
Holt et al., 1994; Haimson, 
2007; Corkum & Martin, 2007
Hoek et al., 1995; Hou, 2003; 
Nussbaum et al., 2011; Techer 
et al., 2009; Yan et al., 2012
Damages induced by engineering are usually referenced 
under the generic term of Excavation Damage Zone (EDZ) 
which is about the few first 5 m from the gallery walls
m - nm
>m - nm
Ventilation of 
galleries
Relaxation of in-
situ stress 
conditions
Core storage
Relaxation of in-
situ stress 
conditions
Mining - 
Tunneling
Coring
Sub-
sampling for 
microscopy 
and bulk 
porosity 
measuremen
t
Scanning 
electron 
microscopy
mm - nm 
cm - nm
Ga+ FIB: Focussed Ion Beam based gallium source; Ar BIB: broad Ion Beam based on argon-gas source; SEM: Scanning Electron Microscope; ESEM: Environemental Scanning Electron Microscope; Hg: Mercury
Resin 
impregnation
Thin-sectioning - 
grinding
Ion beam 
sectioning (Ga+ 
FIB / Ar-BIB)
High-viscosity resin-impregnation, fabric 
hardening, , electro osmosis cutting Barker & Reynolds, 1984; 
Pike & Kemp, 1996; Camuti 
& McGuire, 1999; Francus & 
Asikainen, 2001; Prêt et al. 
2004; Sardini et al. 2009
Prêt et al. 2004; Sardini et al. 
2009
High-viscosity resin-impregnation
Optical 
microscopy
cm - nm 
cm - nm
Bulk 
porosity 
measuremen
t (e.g. Hg 
injection)
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I.2.5. Development of specific microscopy methods for microstructural studies in 
low permeable and low porous sedimentary geomaterials 
Microstructural studies of low permeable and low porous sedimentary geomaterials require 
novel methods for preparation of specimen suitable for decoration of microstructures inherited 
from deformation (e.g. salt rock) and for detection of porosity in 2D high quality cross-section 
below µm-scale (both for salt rock and clay rich rock). 
For rock salt, I applied the decoration of intra-crystalline defects by gamma-irradiation. 
Performed at about 100°C and for total doses of about 4-6 MGy, gamma-irradiation provides 
blue samples where thin sections show a surprisingly rich detail of microstructure (grain 
boundaries, subgrain boundaries, growth zonation), which can be used to obtain information 
on the deformation, recrystallisation and fluid transport processes in the samples. 
For clay rich sedimentary rocks as well as salt rocks, ion beam milling methods (Focussed Ion 
Beam – FIB and Broad Ion Beam – BIB) allow preparing atomically smooth 2D cross-sections 
wherein pores down to about 5-10 nm are detectable with a scanning electron microscope 
(SEM) on possible representative area and without smearing or/and deformation of clay 
aggregates as usual with mechanical grinding. 
Cryogeny methods combined with ion beam cross sectioning, followed by SEM imaging, is 
also of special interest because it allows preserving specimen in natural hydrated state and 
localizing fluids within the undamaged pore-space.  
Conventional Ga+-FIB-cryo-SEM workstation allows producting serial cross-sectioning (i.e. 
microscale destructive tomography) to reconstruct the preserved microstructure in 3D. 
Because typical cross-section prepared by Ga+-FIB (about 20 x 20 µm2) are far from typical 
microstructural representative area in sedimentary rock, BIB should be an alternative to 
prepare much larger area (about 2 mm2). Unfortunately, a BIB implemented within a cryo-
SEM (or even a traditional SEM) does not exist yet. Therefore, I am contributing to build such 
a novel BIB-cryo-SEM machine in order to combine both the preparation of large high quality 
cross-sections in preserved samples with high resolution imaging of microstructure with SEM, 
towards serial cross-sectioning on large cross-sections. 
The following sub-sections introduce the technical basics and concepts of the above 
techniques. Deeper details and applications are described in the chapters II, III and IV. 
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Figure I.12:  (a.) Schematic drawing of the container used to gamma-irradiate salt rocks, designed by 
the  Nuclear Research Reactor in Münich (Li X., Lange W., Gerstenberg H., FRM-II workshop)  (b.) A 
picture of the gamma-irradiation container. (c.) The gamma-irradiation container placed in the nulear 
reactor in Münich. (d.)  Principle of gamma-irradiation. Irradiation of Halite (NaCl) by gamma-rays 
produces F-center defect. An F-center is an electron trapped in a halide vacancy. Other defects such as 
the formation of Cl-2 species (indicate by the red shaded pair of spheres) occur for charge balance. The 
absorption of visible radiation by F-centers defects causes the coloration of the mineral. (e.) A natural 
sample irradiated at 35°C exhibits a typical amber color with only few growth bands decoratedand no 
sub-grains boundaries. (f.) Comparable sample to (e.) but iraddiated at 105°C. here sub-grain 
are decorated. (g.) Gamma-irradiation is also suitable to infer dissolution pattern and primary crystals. 
(h.) Deep-blue strain free crystals with growth bands in contact with sub-grain rich grain is interpreted 
as grain boundary migration (GBM) process.  
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I.2.5.a. Decoration of intra-crystalline defects in rock salt by gamma-irradiation 
Due to its cubic symmetry and usually large grain size, halite microstructure cannot be studied 
by the same techniques as used for most other minerals, and studies of textures and 
microstructures are less advanced. Although the main types of textures and microstructures in 
halite are documented and the basic deformation mechanisms are understood, much remains to 
be learned about the deformation, recrystallisation and texture development in halite in nature. 
One of the reasons for this that very few studies have integrated the available techniques, and 
therefore microtectonic studies on halite are not as advanced as those on silicates and 
carbonates rocks (Vernon, 1976; Humphreys & Hatherly, 1996; Passchier & Trouw, 2005; 
Vernon, 2004).  
 
Two techniques have bought a step change in the investigation of halite microstructures in thin 
sections. Etching of salt samples (Guillope & Poirier, 1979), still remains one of the basic 
elements of microstructural studies. Its reveals the dislocation structures in the sample (grain, 
subgrain boundaries). Gamma-irradiation is a relatively new technique to decorate the 
microstructures in halite (Urai et al, 1987; Garcia Celma & Donker, 1996). The technique is 
based on the inhomogeneous distribution of coloring induced by irradiating of the samples 
with high doses of gamma-rays at around 100 ºC. Thin sections show a surprisingly rich detail 
of microstructure (grain boundaries, subgrain boundaries, growth zonation) which can be used 
to obtain information on the deformation, recrystallisation and fluid transport processes in the 
samples (Urai et al., 1986a+b; Urai et al., 1987). 
 
The physical basis of the blue decoration of halite microstructures is the production of F-
centers defects by gamma irradiation. The name “F-center” comes from the German word for 
color, “farbe” (F-), as crystals containing these point defects are highly colored. The 
absorption of visible radiation by F-centers defects causes the coloration of the mineral. The F-
centers are point defects and can be readily formed in alkaline halides with the aid of a source 
of ionizing radiation, such as a Tesla coil, a X-ray radiation or a strong gamma emitter. 
Apparently, the ionizing radiation causes the loss of electrons from halide ions. An electron 
then becomes trapped in the halide ion vacancy. The color is the result of the absorption of a 
photon by the trapped electron and excitation from the ground state to an excited state for the 
F-center. This is a classic case of particle in a box. 
An F-center is an electron trapped in a halide vacancy. Other defects such as the formation of 
Cl2- species (indicated by the shaded pair of spheres in Figure I.12) occur for charge balance. 
Exactly how the F-center is formed is not known. One possible mechanism involves the 
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ionizing radiation interacting with the alkaline halide, causing a halide ion to lose an electron, 
producing a halogen atom. The electron then moves throughout the crystal until it finds a 
halide vacancy. The electron is captured by the six surrounding alkaline metal ions. The 
halogen atom can then interact with a halide ion to form a molecular ion such as Cl2-.  
The quality of halite microstructure decoration depends mainly on three parameters: 
temperature, time and gamma dose rate. Gamma irradiation of halite at a temperature of 35 °C 
colors halite in amber whereas gamma whereas gamma irradiation of halite done at a 
temperature of 100 °C decorates halite in blue. Opbroek & den Hartog (1985) investigated the 
effect of the dose rate on halite the evolution of irradiation damage. Many of the observed 
phenomena in the formation of radiation damage can be understood in the light of the 
underlying kinetics of formation of the primary defects, which eventually aggregate into 
sodium colloids and molecular halogen (Seinen et al., 1994). Basically, if the time of 
irradiation is too short compared with the irradiation rate, the amount of F-centers is too low to 
really decorate halite microstructures and if it is too long, the F-centers are so dense that they 
do not decorate the halite microstructures but cause an uniform very strong color in the 
sample. Thus, for the purpose of the microstructure decoration, the ideal irradiation time 
corresponds to the nucleation of sodium metal colloids (in time, the electrons migrate to Na+ 
ions and reduce it to Na; atoms of Na, in turn, migrate to form colloidal sized aggregates of 
sodium metal). In this case, because the colloids nucleate preferentially at solid solution 
impurities and crystal defects sites (Jain-Lidiard model), the resulting coloration reflects to the 
halite microstructures. The intensity of the coloration is also a function of the solid solution 
impurities and crystal defects density. 
I.2.5.b. Ion beam milling for the preparation of high quality surfaces – FIB vs. BIB 
For improved recovery of low permeable and low porous rock specimen, it is essential to 
quantify porosity at the pore scale. However, because pores in such rocks are usually below 1 
µm, this is difficult because of technical and preparation limits. 
Traditional techniques for characterization of different aspects of porosity are X-ray computer 
tomography (micro-CT) scanning (Honarpour et al., 2003; Tono & Ingrain, 2008), magnetic 
resonance imaging (MRI) (Pape et al., 2005), particle size analysis, point counting based on 
petrographic thin sections, environmental scanning microscopy (ESEM) (Tiab and Donaldson, 
1996), x-ray diffraction (XRD) (Ward et al., 2005), x-ray fluorescence (XRF) (McCann, 
1998), confocal scanning laser microscopy (CSLM) (Menendez et al., 2001) and mercury 
porosimetry (Favvas et al., 2009). The combination of these complementary methods is 
considered to give a robust characterization of reservoir properties of sandstones (e.g. Baraka-
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Lokmane et al., 2009) and in sandstones this has produced a growing body of literature of 3D 
pore models (with a resolution of a few micrometres) and based on these, numerical models of 
fluid flow through porosity, which accurately predict bulk properties such as Darcy 
Permeability (Sholokhova et al, 2009; Tölke et al, 2010). 
 
 
 
Figure I.13: The principle of BIB and FIB cross-sectioning. (a.) BIB cross sectioning: the ion beam 
irradiates about 100 µm of the sample edge un-masked by the shielding plate to create high-quality 
polished cross-sections suitable for SEM imaging. To minimize curtaining of the surface, the sample 
rotates ± 40° along a rotation axis perpendicular to the cross section (surface in yellow). Image on the 
background shows an overview of a typical cross section performed by BIB in Opalinus clay sample 
(Mont Terri, Switzerland; micrograph courtesy of Maartje Houben), which is about 2 mm2 in area. (b.) 
FIB cross sectioning: the beam is focused and cany excavate locally region of interest by creating also 
an high-quality polished cross-section suitable for SEM imaging but with area smaller than BIB. Image 
on the background shows an overview of a typical cross section performed by BIB in Boom Clay sample 
(Dessel-Mol site, Belgium). 
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The recent development of Argon ion source milling tools (Figure I.13.a), which produce 
polished cross-sections of exceptional high quality, offers a new alternative for high resolution 
SEM imaging of porosity at nano-scale (Desbois et al., 2009; Loucks et al., 2009; Holzer & 
Cantoni, 2012). Until now, the Ar-BIB preparation technique was mainly used for metallic 
materials but not for polyphase geomaterials. On the one hand, because it does not induce 
mechanical polishing, the Ar-BIB technique is an alternative to the resin embedment technique 
for preparation of delicate samples, which are difficult to polish because of phases with 
different hardness. In addition the large area, which can be polished (up to 2mm2, large in 
comparison to the micro-porosity investigated) by the Ar-BIB, allows investigating numerous 
features in one cross-section and also allows quantitative stereological analysis (Underwood, 
1970; Russ and Dehoff, 2000), which is very difficult when broken samples surfaces are 
investigated. Ar-BIB cross sectioning does not require water or epoxy impregnation, which 
could damage the clay minerals by re-wetting. Thus, the Ar-beam polishing technique provides 
rapid, damage-free, reproducible surfaces in comparison to the conventional preparation 
techniques (Desbois et al., 2009; Loucks et al., 2009).  
Focussed Ion Beam (FIB, Figure I.13.b) cutting based on gallium (Ga+) source was also 
demonstrated to be able to prepare high quality polished cross-sections in clay-rich 
geomaterials (Holzer et al., 2007, 2010; Desbois et al., 2009; Dvorkin, 2009). However, this 
technique induces potentially more damage of the surface since it uses mainly Gallium source 
(Erdmann et al., 2006) and typical areas produced by FIB (about µm2) are much smaller than 
those prepared by BIB (about mm2). Nevertheless, because FIB guns provide “focused” beam 
and are now fully implemented in commercial SEM machines, FIB instruments allows precise 
targeting of the region of interest and productive serial-cross-sectioning (Holzer et al; 2010), 
respectively. 
BIB and FIB are complementary approaches to prepare high quality surfaces suitable for high 
resolution SEM imaging (Holzer & Cantoni, 2012). 
 
Figure I.14 illustrates the high quality of surface produced by BIB and FIB preparation in 
comparison with “tradionnal” techniques like optical thin sectioning and, SEM imaging on 
broken sample and on mechanically polished surface of the same tight gas sandstone from the 
Rotliegend (Germany). 
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Figure I.14: Comparison of microstructures revealed by different methods of surface preparation on a 
tight gas sandstone specimen. (a.) Optical micrograph of a blue-resin impregnated thin section. 
Intergranular porosity is shown in blue. Most of the grain fabric is made of quartz grain whose surfaces 
are coated with clay minerals. (b.) Comparable to sample in (a.) (without resin impregnation) 
investigated with SEM on broken surface. Quartz grains are in deed coated with two kind of clay 
mineral (illite) distinguished by their growth topology, which is either tangential or hairy. (c.) SEM 
micrograph of an intergranular volume (bounded by quartz grains) cemented by clay mineral. The clay 
mineral aggregates are identifiable by their typical sheet-like structures but porosity in not detectable 
because of clay smearing. (d.) Micrograph of a selected part of a BIB cross section. Here, grain fabrics 
and architecture of the clay mineral cementation are visible without damage. (e.) a closer view of the 
region indicated by the red square in (d.) show that clay mineral cementation (clay) has the two growth 
topologies detected in (b.), i.e. tangential and hairy. (f.) A FIB cross section in the same sample shown 
in (e.) perpendicular to the red dashed line indicated in (e.). As for BIB, FIB cross sectioning allows 
detecting 2D single pores in tangential and hairy phases of illite cement. 
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Figure I.15: Preserved hydrated microstructures in  sedimentary rocks by using a cryogenic SEM. (a.) 
Oil meniscus in sandstones (from Mann et al., 1994). (b.) Isolated brine-filled inclusions in a grain 
boundary plane in a naturally deformed salt rock (from Desbois et al., 2012a). (c.) Cross section of a 
grain boundary in naturally deformed salt rock. As in (b.) fluid are distributed within isolated brine-
filled rounded inclusion a grain-grain contact (from Desbois et al., 2012a). (d.) The use of a FIB to 
prepare high quality cross section combined with cryo-SEM allows investigating distribution of brine-
filled triple junction in naturally deformed salt rock (Desbois et al., 2008). (e.) Distribution of preserved 
fluids in partly saturated Opalinus Clay sample based FIB-cryo-SEM method. 
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I.2.5.c. Preservation of rock samples by cryogeny 
One of the recent developments to study preserved hydrated microstructure is with high 
resolution cryogenic SEM after stabilization (plunge-freezing in liquid nitrogen at 77°K) of the 
water phase in the grain boundaries at cryo-temperatures. Cryo-SEM is widely used in Life 
Sciences (Echlin, 1978; Erlandsen et al., 1997; Fauchadour et al., 1999; Frederik & 
Sommerdijk, 2005; Marko et al., 2007; Sargent, 1988; Walther & Muller, 1999) but 
applications in Geosciences are as yet limited to studies of fluid inclusions and wettability 
(Sutanto et al., 1990; Fassi-Fihri et al., 1992; Mann et al., 1994; Chenu et al., 1995; Robin et 
al., 1995; Tritlla & Cardellach, 1997; Durand & Rosenberg, 1998; Shepherd et al., 
1998;Vizika et al., 1998; Barnes et al., 2003; Negre et al., 2004; Kovalevych et al., 2005, 
2006; Schenk et al., 2006). Figure I.15.a illustrates a typical result from these above early 
cryo-SEM experiments on broken rock specimen; this figure shows for the first time oil 
meniscus in partly saturated sandstone (Mann et al., 1994). 
Therefore, cryo-SEM method aims to observe both preserved wet sample as it occurs in nature 
and the distribution of fluid within the preserved pore network. 
The main critical issue of cryo-SEM (Karlsson, 2002) is to ensure that plunge freezing vitrifies 
the pore fluids to avoid the formation of ice crystals, which tend to damage the microstructure 
and activate the segregation of phases forming the fluid (Schenk et al., 2006). According to the 
literature (Moor, 1971; Shimoni and Müller, 1998; Studer et al., 1995), to avoid ice-crystal 
formation during freezing and thus avoid the damage of the hydrated microstructures, the 
temperature interval between 273°K and 173 °K (where ice-crystals may form at ambient 
pressure), needs to be passed within 10-2 s which equals an average freezing rate of 10,000 K.s-
1. Thus, this implies to work on small sample with thickness fulfill the above required high 
cooling rates imposed by heat diffusion properties of the material. In a recent contribution 
(Desbois et al., 2012a), it was shown that a salt sample of 2 mm thick appears to be the 
maximum thickness to fulfil efficient cooling rate in slushy nitrogen. First results on Boom 
Clay (Desbois et al., 2009) show that fluid is also preserved in pores in samples of about 1-2 
mm thick. 
Figure I.15.b+c shows an example of how a hydrated grain-boundary may look like in broken 
naturally deformed rock salt either within the grain boundary plane (Figure I.15.b) or a cross-
sectioned grain boundary (Figure I.15.c). The disadvantage of investigating broken samples is 
the rough topography of surface which is not suitable for straightforward interpretation and 
makes quasi impossible the quantification of microstructure following the principles of 
stereology (Underwood, 1970; Russ & Dehoff, 2000). One alternative for the preparation of 
high quality 2D cross section is the use of FIB implemented in cryo-SEM machine. By 
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applying FIB-cryo-SEM, I showed that it is possible to study preserved-fluid distribution at a 
triple junction in naturally deformed salt rock (Figure I.15-d; Desbois et al., 2008) and in pore 
network of a Boom Clay sample (Desbois et al., 2009) and Opalinus Clay sample (Figure 
I.15.e). Serial cross sectioning of regions of interest depicted in Figure I.15.d and Figure I.15.e 
allowed following the 3D distribution of fluid within the triple junction (Desbois et al., 2008) 
and pore network (Desbois et al., 2009), respectively. 
I.2.5.d. BIB-cryo-SEM 
Ga+-FIB-tomography (FIB for Focussed Ion Beam) is now widely considered as a powerful 
method (Uchic et al., 2007; Yao, 2007; Mobus & Inkson, 2007; Holzer & Cantoni, 2012) to 
investigate pore network with typical resolution in the range of tens of nanometers down to 5 
nm (Keller et al., 2011; Heath et al., 2011) with the aim to simulate fluid flow in pore model 
based on natural microstructures (Fredrich & Lindquist, 1997; Dvorkin et al., 2009). As briefly 
introduced in the previous sub-section, when combined with a cryogenic SEM, this method is 
able to image in-situ fluids in natural rock salts and clay stones (Desbois et al., 2008, 2009; 
respectively). The limitation of Ga+-FIB-SEM method comes from the volumes investigated, 
which are not representative for typical microstructures occurring in sedimentary rocks 
(typically about 20 x 20 x 20 µm3). The emergence of Broad Ion Beam (BIB) milling tool 
offers a new alternative to produce cross-sections of about few mm2, paving the way towards 
electron microscopy on representative area (Desbois et al., 2009, 2010, 2011; Loucks et al., 
2009; Health et al., 2011; Klaver et al., 2012; Houben et al, 2013) and giving then the 
opportunity to relate local microstructures with bulk properties of material measured on much 
larger samples (Houben et al., 2013; Klaver et al., 2012). BIB tomography is at its very early 
beginning and until now was only performed in a stand-alone BIB cross-sectioner on a tight 
gas reservoir sandstone (Desbois et al., 2011) and cementitious material (Mac et al., 2012), 
with slice down to 15 µm thick allowing to follow the connectivity of grain fabric and of the 
intergranular volume, but not of the smaller structures because of too thick slices. Moreover, 
Desbois et al. (2012b) presented first results for wet rock salt based on the use of a novel BIB-
cryo-SEM, where the BIB gun is directly implemented into the cryo-SEM. Since the noble gas 
ion beam has a rather broad 3D pseudo Gaussian shape (i.e. weakly focused in contrast to 
FIB), an ion milling resistant mask made of titanium was used to split the beam in two in order 
to produce a sharp-edged beam for flat cross sectioning (see also Figure I.13). At the date of 
this publication, the BIB-cryo-SEM instrument was able to produce 2D cross-sections with 
noticeable curtaining and fluids were not preserved during the ion milling (Desbois et al., 
2012b).  
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The newest version of the BIB-cryo-SEM machine (Desbois et al., 2013) solved all of the 
technical problems encountered in Desbois et al. (2012b) and is able to produce large cross 
sections of quality comparable to a stand-alone BIB machine. 
 
 
 
Figure I.16: Novel BIB-cryo-SEM machine developed at RWTH Aachen University. (a. – e) Pictures of 
of the BIB-cryo-SEM as installed at GED/GIA institute of RWTH Aachen University. (a.) Overview of 
the BIB-cryo-SEM machine with indications of different components. (b.) Side-view of the SEM column 
column showing the flange-emplacement of the BIB gun. (c.) BIB gun unmounted from its SEM-flange 
(see b.); the most part of the gun is within the SEM. (d.) Inside view of the SEM chamber with EDX and 
SE2 detectors, electron column with the BSE detector at its end, cold plate (-190°C) used as anti-
contaminator (able to collect evaporates because it is the coldest point of the SEM-chamber; i.e. colder 
than the cryo-SEM-stage), cryo SEM stage (-160°C) and the nanomotor which is used to position the 
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titanium blade (i.e. mask) on the sample surface. (e.) Closer view of the cryo-SEM-stage and the 
nanomotor with the titanium blade mounted on it. (f.) Schematic drawing of the technical BIB-cryo-SEM 
SEM principle. The sample, mounted on a copper stub with a 30° cut edge, is loaded onto the cryo-stage 
(-160°C) within the SEM chamber; the cryo-stage being itself fixed on the 5-axis motorized SEM stage. 
For sample loading the tilt angle of the SEM stage is 0°. A 3 Cartesian axis nanomanipulator is 
to the SEM stage in order to position the edge of a titanium (Ti) blade at the center of rotation of the 
SEM stage. The electron (e-) beam is at 72° of the broad ion beam (BIB) and coincide at the rotation 
axis of the SEM stage; the titanium blade is thus at 60° of the top surface of the sample and the angle 
between the BIB and the Ti-blade is 18°. The Ti-blade is maintained at the same cryo-temperature than 
the cryo-stage by using a copper bridge. In (f.) the system is in milling position. The top surface of the 
Ti-blade is placed parallel to the BIB by tilting the SEM stage to -18°. The e- beam and the BIB coincide 
at the rotation axis of the SEM stage and the BIB is perpendicular to the edge-front-line of the Ti-blade. 
During milling, the SEM stage rotates +/- 30° about the SEM-stage rotation-axis from its original 
position to minimize curtaining. For serial cross sectioning, the Ti-blade is re-positioned parallel to the 
top surface of the sample before each successive BIB milling. (g.) Overview of a typical cross section 
prepared using BIB-cryo-SEM. Here, pores are empty because the sample was dried. (h.) Details of a 
brine-filled triple junction prepared and imaged using BIB-cryo-SEM (-160°C). The dark phase is the 
frozen brine located bounded by three single salt crystals, which appear in light grey. (i.) Same region 
(h.) but after sublimation of water (-160°C  80°Cfor 1h at SEM vacuum condition). The remaining 
characteristic foam microstructure is typical for brine sublimation, indicating the early presence of 
(i.e. before sublimation). 
 
The original concept of the BIB-cryo-SEM is to allow preparation of representative sections 
inside a scanning electron microscope (SEM), using noble gas (argon) ion beam preparation of 
representative area on sedimentary rocks at cryogenic temperature (cryo) in order to 
investigate fluid saturated and preserved 3D microstructures from successive square millimetre 
sized high quality cross-sections down to the state-of-the-art SEM resolution. Single 2D cross-
sections are produced at regular intervals defined by the characteristic length of the interesting 
microstructure. The post processing of SEM imaged microstructures from successive single 
cross-sections allows following the interesting microstructure in 3D with resolution depending 
either on resolution of imaging or on the thickness interval between two successive cross-
sections. 
Because of complementary and overlapping performances of the BIB-SEM method with FIB-
SEM and X-ray tomography methods, the BIB cross-sectioning both enables refining the 
information about pore morphologies observed by X-ray tomography and allows targeting 
relevant and representative regions for FIB-SEM investigations (see also Figure I-14.d-f). In 
geosciences, such an instrument is paving toward the microstructural investigation of 
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preserved host and reservoir rocks on representative area (up to few mm2) from grain to the 
pore fabrics down to the state-of-the-art SEM resolution. The evolution of microstructures 
characteristics along the third dimension is enabled by serial cross-sectioning forming the 
basics of broad ion beam tomography in-situ SEM. 
 
Figure I.16 shows an overview of the BIB-cryo-SEM hardware and first results on salt rock. 
Detailed descriptions of the machine and applications are given in Chapters II and III. 
I.2.6. Up-scaling of microstructural investigations: the need a multi-dimensional 
and multi-scale approach 
Bulk measurement of fluid-flow properties (e.g. porosity and permeability) by different 
techniques (for example: wireline Log, water content. HTO, migration experiments, NMR, 
MIP, bubble point analysis, BET, gas adsorption, DFT) allow characterizing an essential part 
of the rock performance for sample with volume of several cm3. Some of the techniques 
mentioned above (NMR, MIP, bubble point analysis, BET, gas adsorption, DFT) are able to 
give a much higher level of information by estimating the pore size distribution of connected 
pore; here “pore size” means mainly “pore throat”. Therefore, these bulk measurement are 
quite limited to describe pore and grain boundary morphologies, either the relationships with 
mineral and fabrics, which are required to fully understand the impact of microstructure on the 
rock performance. In other words, bulk measurement are undirect methods and are then 
“blind” in respect to microstructures. 
 
Microscopy is an alternative to characterize directly the microstructures, both quantitatively 
and qualitatively. However, the quality and the nature of microstructural studies are strongly 
dependent of the scale of observation, and particularly of the microscopy’s method used. The 
microscopy’s method imposes the scale of observation but also the area and the volume 
investigated. Each microscopy method has its own niche. 
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Figure I.17: Multi-scale microscopy – the complementary of microscoy’s methods in respect to range of 
achieved resolution. Microscopy is an alternative to characterize directly the microstructures, both 
quantitatively and qualitatively. In contrast, indicated indirect methods can only characterized bulk 
material properties and in some cases pore-size distribution but are “blind” in respect to 
microstructures.  
For host and reservoir sedimentary rocks, typical microstructures (grains, pores and fluid 
inclusions, pore throats, grain boundary) have sizes in the range from sub-nanometers up to 
hundreds of micrometers within representative cross sections and volumes in the range from 
few square and cubic nanometers up to square and cubic centimeters, respectively. Figure I.17 
presents the most conventional microscopy methods (optical microscope, X-ray µCT, SEM 
and TEM), which are used for microstructural investigations in sedimentary rocks, with 
corresponding scale of observation. Bulk properties measurement methods are also included in 
Figure I.17 for comparison. All microscopy’s methods do not exclude each other but they are 
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complementary. Here, the challenge is the correlation between the different length scales and 
the linkage between 2D and 3D microstructural characterization. 
 
Therefore, a multi-scale and multi-dimensional approach is required to obtain a comprehensive 
understanding of  mechanical, chemical and physical properties of material. In other words, the 
complementary microscopy’s methods can be seen as an assemblage of  « Russian Dolls »; 
each of microscopy’s method has to be gradually used to identify and localize the 
microstrcutures to be studied finer and finer. The following methods (listed in order of 
increasing resolution and decreasing volume analyzed) allow characterizing a specimen over 5 
to 6 orders of scale magnitude (cm  nm) : [1] transmitted and reflected light optical 
microscopy (cm-µm), [2] X-ray tomography (mm  µm), [3] scanning electron microscopy 
(µm-nm) and  [4] transmission electron microscopy (<nm). The complementarity of the 
microscopy’s methods above is one solution to solve partly the problems linked to 
representative area and volume, variability of microstructure size and distribution, the 
identification of relevant microstructures as a function of observation scale, and the detection 
of characteristic scale for material heterogeneities which plays an essential role in the 
macroscopic behavior of the material. 
I.2.7. Microstructural atlas of natural rocks and prediction of chemical and 
physical rock’s properties based on microstructures 
What it is proposed here is the establishment of a microstructural atlas based on naturally and 
experimentally deformed (or not) sedimentary rock from underground laboratory for research, 
evaporites and worldwide hydrocarbon reservoirs, combined with “post-mortem” 
microstructure interpretations in relation with conditions of Thermo-Hydro-Mechanical-
Chemical load. 
Particularly, it involves the systematic microstructural characterization of grains (size and 
morphologies), grain boundaries (morphologies, fluid inclusion, interphase), sub-grain 
boundaries (density and morphologies), dislocations (density), cracks (density, connectivity), 
porosity (content, size, morphologies, connectivity), pore-throats (size and morphologies), and 
mineralogy (content and distribution). The compilation of the data above, over time and 
projects, aims to better understand the intrinsic properties of sedimentary rocks related to 
different Habitus, to produce conceptual models describing the material’s microstructure in a 
simplified view but characteristic and significative, and to provide a robust microstructural 
data base for modelization and simulation of rock performance. 
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The study of microstructural evolution (or modification) in respect to deformation is also 
expected to give deeper details of deformation mechanisms at small scale to be integrated in 
global models at rock scale. The last step point to the problem of scale change: which is the 
impact of microstructures observed by microscopy on the macro-properties of the whole rock, 
or even of the geological formation. This problem is very complex. The multiscale and multi 
dimensional approach proposed in Section I.2.6 may contribute to answer partly to this 
fundamental question for scale ranging between cm and nm. For larger scales (>cm), a first 
approach should be to compare microstructural data obtained below cm-scale with bulk 
measurement properties obtained on much larger volume sample (porosity, permeability, 
rheological laws…) in order to find empirically correlative trends; a second approach should 
be to use some homogeneization methods to try to reconstruct the physical and chemical 
macro-properties of materials from natural microstructures considered as elementary; a third 
option is the numerical simulation which may give some qualitative information about the 
microstructural significance as a function of the observation scale. 
The common core of these different approaches is the prediction of intrinsic material 
properties without losing the information of small scale microstructures (<cm). 
 
 CHAPTER II:  
Microstructural studies in salt rocks 
he study of mechanical properties of salt rocks studied in laboratory 
provides, at first order, a relatively solid basis for understanding salt 
rheology. However, predicting salt rocks behaviour at natural conditions is still 
problematic because it depends strongly of involved deformation mechanisms but 
of major interest for the safety evaluation of waste disposal and gas storage in 
underground salt rock formation. Microstructural studies conducted to infer 
deformation mechanisms occurring in nature shown that the rheology of salt can be 
complex and reflect often the competition between different mechanisms. 
Moreover, the presence of fluids and second phases at grain boundaries can 
enhance dislocation and pressure-solution creeps. In contrast, the process of 
surface-energy-driven grain-boundary healing, which dominates in rocks of 
specific grain size under suitable conditions of stress, pore pressure and 
temperature, can produce “yield stress” for pressure solution creep. 
Deforming rock salts in nature offers an unique opportunity to reconstruct 
deformation conditions in slow creep for rock salt based on identification of 
deformation mechanisms and constitutive equations from laboratory calibrations, 
experiments and theory. 
Due to cubic symmetry, usually large grain size and water sensitivity of halite, 
halite microstructures cannot be studied by the same techniques as used for most 
other minerals. 
At the scale of grains, decorated thin sections show a surprisingly rich detail of 
microstructures, which can be used to infer deformation, recrystallization and fluid 
transport processes occurring in natural rock salts under optical light microscope. 
The physical basis of the blue decoration of halite microstructures is the production 
of F-center defects by gamma irradiation. The resulting blue coloration reflects the 
halite microstructures. The intensity of the coloration is a function of the solid-
solution impurities and crystal-defect density. 
T 
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At the scale of grain boundaries, the combination of cryogenic preparation of 
samples and SEM allow stabilizing the in-situ fluids in grain boundaries and pores, 
preserving the natural structures at nano-scale, and imaging of stabilized 
microstructures at the-state-of-the-art SEM resolution. Ion sources (FIB-focused 
ion beam, or BIB-broad ion beam) can be embedded directly into cryo-SEM to 
produce 2D flat and undamaged high quality polished cross-sections of the region 
of interest and to reconstruct the grain boundaries network in 3D by serial cross 
sectioning. 
I thank particularly the “Deutsche Forschungsgemeinschaft” for funding my 
research projects on halite salts, which allowed both the development of novel 
techniques for microstructural investigations (Gamma-irradiation and BIB-cryo-
SEM) and publications of papers referred in this chapter.  
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II.1. Deformation and recrystallization mechanisms in naturally 
deformed salt fountain: microstructural evidence for a switch in 
deformation mechanisms with increased availability of meteoric 
water and decreased grain size (Qum Kuh, central Iran) 
Published as: Desbois G., Zavada P., Schléder Z. and Urai J.L. (2010). Deformation and 
recrystallization mechanisms in naturally deformed salt fountain: microstructural evidence for 
a switch in deformation mechanisms with increased availability of meteoric water and 
decreased grain size (Qum Kuh, central Iran). Journal of Structural Geology, 32(4): 580-594. 
 
Abstract 
Microstructural study of rock salt samples from an active salt fountain (Qum Kuh, central 
Iran) enabled to identify the relative contribution of different deformation mechanisms on 
extrusive salt flow. The microstructural study combined reflected and transmitted light 
microscopy of gamma-irradiated thin sections, textural analysis of digitized 
microstructures and Electron Back Scattered Diffraction (EBSD). Deformation 
microstructures record the strongly variable deformation conditions of salt flow in the 
diapiric system from the diapiric stem towards the distal part of the mature viscous 
fountain. High stress deformation conditions typical for diapiric stems are recorded in the 
small subgrains within the porphyroclasts of all documented samples. Recovery and 
recrystallization due to divergent and decelerating flow associated with differential stress 
drop in the salt extrusion above the diapiric orifice is reflected by abundant growth band 
microstructures. This study reveals also evidence for penetration of rain water into the salt 
mass and documents the switch from the dominant dislocation creep into dominant 
solution-precipitation creep from the upper part to the distal part of the fountain. This 
deformation mechanism switch is provided by influx of meteoric water and grain size 
decrease likely controlled by sub-grain rotation and grain boundary migration 
recrystallization.  
II.1.1. Introduction 
The properties of rock salt are extensively discussed in the literature. Its multiple role in 
sedimentary basin evolution (Littke et al., 2008; McClay et al., 2003; Rowan et al., 1999), 
fluid sealing capacity for gas storage (Li et al., 2005), drilling problems in petroleum industry 
(Muecke, 1994; Wilson et al., 2002), the possibility of waste disposal in salt (Salters and 
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Verhoef, 1980) and salt mining give the topic enormous economic importance and emphasize 
the need for the proper knowledge of the mechanical and transport properties of halite rocks 
deforming in nature (Drury and Urai, 1990; Urai and Spiers, 2007; Schoenherr et al., 
2007,2009; Urai et al., 2008).  
The world-class site for well exposed salt extrusions and glaciers are the Zagros mountains 
(SE part of Iran) with up to 60 salt extrusions ranging in age from Cambrian to Pliocene 
displaying at least 6 different morphologies (Talbot, 1998; Jahani et al., 2007). Rock salt 
extruding on flat topography through release-bends of major strike-slip faults in Zagros 
(Talbot and Alavi, 1996; Talbot and Aftabi, 2004) typically forms viscous fountains. However, 
most of the rock salt in Zagros Mountains forms salt glaciers (namakiers) flowing down from 
the crests of the Zagros anticlines or through one or more fault gullies or uptilted river valleys 
(Talbot, 1998). 
Salt glaciers were also extruding from diapirs in the Central European Basin during Triassic 
(Mohr et al., 2007). Vertical extrusion rates of salt extrusions (< 1cm/a) were recently 
measured using InSAR technique (Interferometric Synthetic Aperture Radar) (Weinberger et 
al., 2006; Hudec and Jackson, 2007; Aftabi et al., 2010) and estimated by palinspastic 
reconstruction (Davison et al., 1996; Bruthans et al., 2006). Active salt extrusions offer a 
unique opportunity to reconstruct deformation conditions for rock salt based on identification 
of deformation mechanisms and constitutive equations from laboratory calibrations, 
experiments and theory. Because the measured flow laws are based on short-term laboratory 
tests and performed at high differential stresses, their precision is limited when extrapolated to 
low stress, long-term natural conditions. One key test for correct extrapolation of mechanical 
behavior of rock salt is the direct comparison of the deformation mechanisms operative in 
nature and experiment (Passchier and Trouw, 2005).  
Gamma-irradiation decoration is the most powerful technique for microstructural investigation 
of halite (Urai et al, 1987; Garcia Celma and Donker, 1996; Schléder and Urai, 2007; 
Schoenherr et al., 2009). The physical basis of the blue decoration of halite microstructures is 
the production of F-center defects by gamma irradiation, which aggregate into sodium colloids 
(Van Opbroek and den Hartog, 1985). Because the colloids nucleate preferentially at solid 
solution impurities and crystal defect sites (Jain-Lidiard model), the resulting coloration 
reflects the halite microstructures. The intensity of the coloration is a function of the solid 
solution impurities and crystal defects density. Decoration of grain and sub-grain boundaries is 
achieved by chemical etching of the thin-sections (Urai et al, 1987). Combination of both 
kinds of decoration provides a rich detail of microstructure (sub-grain rich grain, strain 
free/new grains, growth bands, syn-sedimentary chevrons, grain boundary 
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indentation/truncation, edgewise propagation of sub-grains, dissolution-precipitation features, 
core-mantle structure, pressure fringes) and are used to infer qualitatively the deformation, 
recrystallization and fluid transport mechanisms in studied samples (Urai et al., 1986a,b; 
Schléder and Urai, 2007; Urai et al., 1987, 2008; Schoenherr et al., 2009). Deformation 
mechanisms are also conveniently identified using EBSD for CPO measurements (Schléder 
and Urai, 2007) together with grain size and shape statistics, while sub-grain size statistics is 
used for piezometric estimates of differential stress (Schléder and Urai, 2005). While solution-
precipitation accommodated grain boundary sliding (GBS) is typically associated with low 
degree of CPO and abundant substructure-free equant grains (Schléder and Urai, 2007), 
dynamic recrystallization by dislocation creep is typical with large variety of substructure 
richness in the grains and well developed CPO (Passchier and Trouw, 2005). The grain size of 
samples is controlled by two competing deformation mechanisms during dynamic 
recrystallization; sub-grain rotation (SGR) and grain boundary migration (GBM) 
recrystallization. SGR tends to decrease the average grain-size of the aggregates and is typical 
with low-angle misorientation of marginal sub-grains from cores of porphyroclasts and its 
dominant activity is manifested by similar size of sub-grains and adjacent new grains in the 
matrix (Halfpenny et al., 2004). In contrast, GBM generally increases grain size of the 
dynamically recrystallizing aggregate. GBM recrystallization, in combination with SGR can 
also result in grain size decrease, but irrespective to the size of sub-grains in the porphyroclasts 
(Passchier and Trouw, 2005). 
Previous studies (Talbot and Rogers, 1980; Urai et al., 1986b; Schléder and Urai, 2007; Urai 
and Spiers, 2007; Schoenherr et al., 2009; Schléder and Urai, 2007) suggest that dislocation 
creep accommodated dynamic recrystallization and pressure-solution creep both govern 
rheology of active salt extrusions. Various creep laws are available (e.g. Carter et al, 1993 and 
Spiers et al., 1990) which adequately describe the specific deformation mechanisms. However, 
the salt flow is best described by a multi-mechanism creep equation and deformation map for 
rocksalt, which combine the flow laws for different deformation mechanisms (Spiers and 
Carter, 1998) and suggest that under natural conditions flow will occur either by climb-
controlled dislocation creep and/or pressure solution depending on the grain size (Schléder, 
2006; Urai et al., 1986b; Urai et al., 2008). Activity of these deformation mechanisms is also 
strongly promoted by inter-granular fluid (Urai and Spiers, 2007), that was incorporated in the 
salt mass during its deposition (Schléder and Urai, 2005) or by influx of meteoric water into 
extrusive salt, which together with small grain size provide suitable conditions for dominant 
solution-precipitation creep and accelerate salt flow in the salt glaciers (Jackson, 1985; Urai, 
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1987). In contrast, for relatively large grain size of domal salts (2 to 20 mm), dislocation creep 
accommodated dynamic recrystallization is dominant.  
Schléder and Urai (2007) suggested that the salt flow in the extrusion of Tertiary rock salt in 
the Eyvanekey plateau was heterogeneous and was accommodated primarily by several 
mylonitic shear zones, where salt deformed exclusively by solution-precipitation creep and 
grain boundary sliding (GBS) at grain size of 0.6 mm, while in protomylonites between the 
shear zones with grain size of 2-6 mm, salt deformed by combination of dislocation and 
solution-precipitation creep with GBS. Schoenherr et al., (2009) reported that the rocks salt 
microstructure of surface-piercing diapirs of Ara Salt in Oman records an overprint of 
dislocation creep microstructures originated in the diapiric stem by recrystallization and 
solution-precipitation creep producing static growth of new grains and fibrous microstructures. 
This salt also contains elongated pores parallel with long axes of grains, which we interpret as 
zones of salt leaching by meteoric water (see Figure 8 in Schoenherr et al., 2009). 
This paper presents a detailed microstructural study of salt samples collected from the active 
Qum Kuh salt fountain in Central Iran (Talbot and Aftabi, 2004; Schléder, 2006). Our goal is 
to distinguish specific deformation mechanisms active at different topographic positions of a 
mature and active salt extrusion (top, middle and distal parts of the fountain respectively) in 
order to understand their relative contribution to the flow of rock salt and to identify what 
processes control the anticipated switch of deformation mechanisms in extrusive salt systems 
(Urai et al., 1986b). Our study is based on microstructural analysis of blue thin sections from 
rock salt decorated by gamma-irradiation, quantitative analysis of the microstructures and CPO 
(crystal preferred orientation) measurements using EBSD.  
II.1.2. Local geology and sampling sites 
Several diapirs of the Lower Oligocene Lower Red Fm and Lower Miocene Upper Red Fm 
salt sequence reach the surface in central Iran forming salt glaciers or salt fountains (Figure 
II.1) (Jackson et al., 1990). Those include the Qum Kuh fountain near the city of Qum, some 
150 km SSW of Tehran (Gansser, 1960; Jackson et al., 1990; Talbot and Aftabi, 2004). The 
salt emerged from a depth of 5 to 3 km along a releasing bend in a major dextral transpressive 
fault crossing the Qum basin (Jackson et al., 1990; Talbot and Aftabi, 2004). Talbot and 
Aftabi, (2004) suggested that the salt surface flows at a rate of 82 mm/a through a 1.5x1 km 
vent and that the extrusion lasted at least 42 000 years. In contrast, satellite interferometry data 
reveal uplift of about 1cm/a  (see Figure 29 in Hudec and Jackson, 2007). The salt hill is 3 km 
wide and rises 315 m above the surrounding plateau. From the vent, the salt fountain spreads ~ 
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0.75 km to the west and ~ 2 km to the south (Figure II.1; Gansser, 1960; Talbot and Aftabi, 
2004). The complex surface pattern of the salt layering reflects multiple repetition of the initial 
salt stratigraphy by folds and several deformation phases (Figure II.1; Talbot and Aftabi, 
2004). Majority of the rock salt throughout the fountain belongs to the multicolored Upper Red 
Formation of Lower Miocene age and consists of halite with minor buff anhydrite and trace of 
red clay and green volcanic ashes. White salt of Lower Red Formation (Lower Oligocene) 
occurs locally at the base of the allochthonous salt (Talbot and Aftabi, 2004).  
 
 
 
Figure II.1: Simplified regional setting of Qum Kuh rock salt fountain (central Iran): (a) Surfaced 
evaporites in the Garmsar basin and adjoining Qum and Great Kavir basins (after Jackson et al., 1990). 
The location of the study area is indicated with a rectangle; (b) Simplified map of the Qum Kuh with 
depicted sampling localities, topographic contours and indication for arbitrary stratigraphy (c) Cross-
section throughout the salt structure of Qum Kuh, no vertical exaggeration; (d) Cross-sections of 
fountain structures from profiles indicated in (b): 1) General pattern of stratigraphy along south-north 
profile; 2) and 3) show profiles of circumferential axial traces of major flow folds omitting local 
complications due to radial folds: south–north profile indicating old flow folds, west–east indicating 
train of young minor folds refolding surficial levels of salt; (e) Typical sampling outcrop showing 
efflorescence pattern (hammer for scale). (b), (c) and (e) are re-drawn from Talbot and Aftabi (2004). 
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In a field campaign, we collected 20 samples from different locations in the salt fountain. For 
this study, we selected seven samples (Figure II.1.b) including two samples (1.1 and 1.3) from 
the top of the fountain, two samples (2.5 and 2.6) from the southern hillside (middle part of the 
fountain) and three samples (1.7, 1.4 and 9.3) collected in a quarry located on the western 
margin of the fountain (distal part, Figure II.1.d). Majority of the samples represent the Upper 
Red Formation salt and only the latter three samples represent the white salt of Lower Red 
Formation, which is marked by recumbent folds and rock salt texture with slight shape 
preferred orientation parallel to the axial planes of folds.  
 
 
 
Figure II.2: Scanned thin sections of selected studied samples. Dark patches are second phases (mostly 
buff anhydrite) in the rock salt. (a) Sample 1.1 was taken from the top part of the fountain; (b) middle 
part is represented by sample 2.5, while (c) presents sample 1.7, a typical sample from the distal part of 
the fountain, showing a well-defined fabric of elongated grains with clearly developed shape preferred 
orientation. 
II.1.3. Sample preparation and methods 
Raw samples were first cut into slabs (6x6x2 cm) with small amount of water to prevent micro 
cracking. The slabs were gamma-irradiated in the Research Reactor of Jülich (Germany) at 
100 ºC with dose rate of 3-4 kGy/h to a total dose of 5.7 MGy. Etched thin sections were 
prepared parallel to the lineation and perpendicular to the foliation following the technique 
described by Schléder and Urai, (2005). The microstructure was inspected in transmitted and 
reflected light microscope. EBSD mapping of CPO was performed on a scanning electron 
microscope CamScan3200 (Czech Geological Survey, Prague) and LEO1530 Gemini FESEM 
(University of Bochum, Germany), both equipped with a Nordlys EBSD detector. Pattern 
acquisition was carried out using acceleration voltage of 20 kV, beam current of 5-8 nA and 33 
mm working distance, using step size of 10 and 20 µm. The EBSD patterns were indexed with 
the HKL Channel 5 software. The quality of EBSD patterns was very high; therefore more 
than 90 % of measured points were successfully indexed. The maps were further processed to 
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remove erroneous data and to provide more complete reconstruction of the microstructure 
(Prior et al., 2002; Bestmann and Prior, 2003). Axial ratio of grains, together with eigenvalue 
ratios of their matrix of inertia (shape preferred orientation) and grain and sub-grain sizes were 
statistically evaluated using the PolyLX Matlab toolbox (Lexa et al., 2005; 
http://petrol.natur.cuni.cz/~ondro/polylx:home) from microstructures digitized in ArcView 3.2 
from micrographs. 
 
 
 
Figure II.3: Transmitted light and reflected light micrographs typical for samples collected at the top of 
the fountain. (a) Overview of the fabric at low magnification showing equigranular sub-euhedral grains 
(0.5 – 1 mm large) and some minor larger porphyroclasts (> 1mm in size). (b) Sub-structure-free grain 
rimmed by growing bands embayed by a sub-grain-rich grain in transmitted light point to GBM, (c) 
reflected light micrograph of the same area as in (b). Note that, the cellular blue pattern revealed by 
gamma-irradiation does not match exactly the sub-grain boundary network revealed by the etching 
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technique. (d) Sub-grain-rich core with new sub-grain-poor rim exhibiting growth bands. The new sub-
grain-poor rim is crosscut by several white lines (indicated by white arrows) reflecting the edgewise 
propagation of highly misoriented sub-grain boundaries behind the migrating grain boundary. (e) 
Truncation of growth bands (the direction of indentation is indicated by white arrow) pointing to zone 
preferential PS. On each micrograph, the stretching lineation is horizontal. Sample number is indicated 
in the lower left corner of each micrograph. 
II.1.4. Results 
II.1.4.a. Microstructural observations 
• Samples from the top of the salt fountain 
Samples from the vicinity of salt fountain summit show fabric made of 0.5 - 1 mm large 
equigranular sub-euhedral grains with minor porphyroclasts (> 1 mm in size) (Figure II.3, 
samples 1.1 and 1.3). The porphyroclasts have sub-grain-rich cores and interlobated grain 
boundaries. Sub-grains are homogeneous in size and slightly elongated (Figure II.3.c). Sub-
grain-rich cores exhibit blue patches surrounded by white halo (Figure II.3.b), which resemble 
but do not completely match the sub-grain boundaries as revealed by the etching technique 
(Figure II.3.c). Small grains (less than 500 µm in size) are euhedral and sub-grain-free (Figure 
II.3.b). The euhedral grains are decorated with deep blue bands that are parallel to their outer 
edges. The bands are more clearly developed in grains that are adjacent to the large sub-grain-
rich grains. Truncation relationships are typical for interfaces between two banded grains 
(Figures II.3.e). Grains in the size range of 0.5 - 1 mm (Figure II.3.d) are sub-euhedral and 
have a sub-grain-rich core surrounded by more intense blue and banded, but sub-grain-poor 
rim. In the rim, white-decorated sub-grain boundaries crosscut the deep blue bands (Figure 
II.3.d). Grain boundaries between the porphyroclasts and the smaller sub-grain-poor grains 
contain arrays of fluid inclusions, while the grain boundaries between the small grains are 
apparently fluid-inclusion-free. 
• Samples from the middle part of the fountain 
Salt collected from the middle part of the fountain reveals similar microstructure and grain size 
(see Table II.1, Figure II.5, samples 2.5 and 2.6) as that from the top of the fountain: 0.5 - 1 
mm large, sub-grain free sub-euhedral grains and few sub-grain-rich interlobated 
porphyroclasts (> 1 mm in size, Figures II.5.a). Dark blue and sub-grain-free grains have either 
rectangular edges on the contacts with sub-grain-rich grains (Figure II.5.b,c) or truncated 
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contact (Figure II.5.e), where two sub-grain-free grains are adjacent. Grains (about 500 – 700 
µm in size) with sub-grain rich core and sub-grain-free mantles are also present. The sub-
grain-free rim is locally crosscut by white decorated sub-grain boundaries directing from the 
grain core towards the margin (Figures II.5.d and II.6.c). Distribution of fluids at grain 
boundaries is similar to that observed in the samples from the top of the fountain.  
In one of the thin sections, the salt is affected by several inter- and intra- granular cracks that 
dip at shallow angles towards the front of the fountain (sample 2.6, Figure II.6). Pores with 
smooth boundaries elongated parallel with the sub-horizontal system of anisotropy-related 
joints (Talbot and Aftabi, 2004) occur within or between the grains. The pores have up to 0.5 
cm in their long dimension. The cracks are partially sealed and predate salt precipitates of dark 
blue color (Figure II.6.b,c). Dark blue salt decorating most of the inter-granular boundaries and 
the intra-granular cracks defines a pervasive and partly sealed crack network that penetrates 
the entire volume of the studied specimen (Figure II.6.a). At higher magnification, the inter-
granular deep blue salt filling from this network is characterized by irregular wavy banded 
structures (Figure II.6.d) made of discontinuous white fluid-inclusion-rich bands alternating 
with blue fluid-inclusion-poor bands (Figure II.6.e). 
• Samples from the distal part of the fountain 
In the three investigated thin sections from the distal part of the fountain, the grain size 
distribution is bimodal, approximately 2 mm-size porphyroclasts are surrounded by small, < 1 
mm sub-euhedral grains (Figure II.7).  Each studied thin section exhibits clearly different 
proportion of porphyroclasts and small sub-euhedral grains (Figure II.7). Sample 1.4 shows 
abundant porphyroclasts with homogeneous blue sub-grain-free cores surrounded by a white 
mantle about 200 - 500 µm thick containing numerous sub-grains less than 150 µm in size 
(Figure II.7.a). The small sub-euhedral grains (<1mm) are patchy-blue with only few well-
developed sub-grains. Sample 9.3 (Figure II.7.b) reveals sub-grain-rich porphyroclasts with 
blue patchy core and white tails containing white or pale blue sub-grains (about 100 µm long), 
which are mostly elongated parallel to the stretching lineation (Figure II.8.e).  Finally, in 
sample 1.7 (Figure II.7.c), porphyroclasts are deep-blue decorated, sub-grain-rich and rarely 
exhibit the white sub-grain-rich rims observed for the porphyroclasts as in sample 1.4 (Figure 
II.7.a). The surrounding sub-euhedral grains are homogeneously blue and sub-grain-free 
(Figure II.8.c,d). Where growth bands are visible, they are clearly truncated by neighboring 
grains (Figure II.8.f). Fluid inclusion distribution at grain boundaries is similar to that observed 
in samples from the top and middle parts of the fountain (Figure II.4). Samples 9.3 and 1.7 
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reveal similar microstructures as the mylonites described by Schléder and Urai (2007) from the 
Garmsar hills and Eyvanekey plateau.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure II.4: Transmitted light micrographs of non-gamma-irradiated sample from the front of the 
fountain (sample 9.3). Similar fluid inclusion topology on grain boundaries is typical for all selected 
samples regardless of their location. (a) Arrays of fluid inclusions at the grain boundary (upper left), 
micrograph shows grain boundary between porphyroclast and strain-free grain. (b) Fluid-inclusion 
tubes at triple point junctions. This structure is typical for grain boundaries between “strain-free” 
grains.   
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Figure II.5: Transmitted and reflected light thin section micrographs of gamma-irradiated samples 
collected in the middle part of the fountain. (a) Overview of the thin section at low magnification 
showing equigranular sub-euhedral grains (0.5 – 1 mm large) and some minor larger porphyroclasts (> 
1mm in size). (b) Sub-grain-rich old grain being consumed by three new sub-grain-free grains in 
transmitted light reflects GBM, (c) shows reflected light micrograph of the same area as in (b), (d) 
growth of grains at the expense of sub-grain rich grains. The banded rims of the grains reveal the 
edgewise propagation (white arrows) of highly misoriented sub-grain boundaries (see also Figure II.4. 
d). Microstructures depicted in (b), (c) and (d) reflect the activity of GBM. (e) Shows truncation of 
growth bands (the direction of indentation is indicated by white arrow) pointing to PS. On each 
micrograph, the stretching lineation is horizontal. Sample number is indicated in the lower left corner of 
each micrograph. 
 
CHAPTER II: Microstructural studies in salt rocks 
Dr. Guillaume Desbois – Habilitation Thesis, 2014 92 
 
 
Figure II.6: Transmitted light thin section micrographs of gamma-irradiated sample collected in the 
middle part of the fountain. (a) Overview of the fabric at low magnification revealing large grains with 
sub-grain-rich core and sub-grain-poor rim and some few smaller sub-grain-poor grains. Numerous 
inter-granular sub-horizontal cracks segment the whole sample. The dashed white lines outline the 
pervasive inter- and intra-granular network of precipitated brine, which penetrated the entire mass of 
sample. At this scale, the precipitation of brine (originated probably from rainwater) is slightly deeper 
blue than the surrounding. (b) A large sub-grain-rich core / new sub-grain-poor rim grain segmented by 
cracks, which are partially sealed by late salt precipitates. (c) Focus area of the new sub-grain-poor 
The new sub-grain-poor rim is crosscut by white line reflecting edgewise propagation of highly 
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misoriented sub-grains behind migrating grain boundaries. (d) Focus on the deep blue salt precipitated 
in inter-granular channels showing irregular wavy banded structures. (e) Higher magnification of the 
wavy banded structures depicted in (d) reveals white irregular and discontinuous fluid-inclusion-rich 
bands alternating with blue fluid-inclusion-free bands. On each micrograph, the stretching lineation is 
horizontal. Largest pores with smooth grain boundaries are resulted from leaching of the rock salt by 
rain water (now filled with epoxy resin). Sample number is indicated in the lower left corner of each 
micrograph. 
 
 
 
Figure II.7: Transmitted light thin section micrographs of gamma-irradiated samples collected from the 
distal part of the fountain, showing small (< 1mm) sub-euhedral grains surrounding the porphyroclasts 
(2 mm long in their longer dimension), (a) Sample 1.4; large porphyroclasts with deep blue sub-grain-
free cores surrounded by thin white sub-grain-rich rim. (b) Sample 9.3; large and sub-grain-rich 
porphyroclasts enclosed in subordinate fine-grained matrix of small polygonal grains. Pale blue or 
elongated sub-grains occur in pressure shadows around some of the porphyroclasts with deep blue 
in the core. (c) Sample 1.7; porphyroclasts are deep blue with numerous sub-grains developed in a 
narrow zone crosscutting obliquely the entire porphyroclast, porphyroclasts are surrounded by sub-
euhedral grains, which are homogeneously blue and sub-grain-free growing towards porphyroclasts. 
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each micrograph, the stretching lineation is horizontal. Sample number is indicated in the lower left 
corner of each micrograph. 
 
 
 
 
Figure II.8: Transmitted and reflected light thin section micrographs of gamma-irradiated samples 
collected from the front of the fountain showing details of microstructures depicted in Figure II.7. (a) 
Large porphyroclasts showing deep blue core surrounded by white rim in transmitted light. (b) Same 
region presented in (a) but in reflected light, note that the white rim is sub-grain-rich whereas the core 
is sub-grain-free. (c) New sub-grain-free grains interpreted to nucleate from sub-grain-rich mantles of 
pophyroclasts by SGR and GBM. (d) Growth of new sub-grain-free grains at the expense of sub-grain-
rich old grain points to GBM. (e) Pressure shadow behind a large sub-grain-rich grain showing 
characteristic fringes consisting of white-pale blue elongated sub-grains pointing to PS accommodated 
by GBS. (f) Small sub-euhedral grains exhibit rarely growing bands, which are systematically truncated 
by indentation from the adjacent grain point also to PS. On each micrograph, the stretching lineation is 
horizontal. Sample number is indicated in the lower left corner of each micrograph. 
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II.1.4.b. Quantification of textures 
• Quantitative analysis of microstructures 
Quantitative analysis of microstructures for all investigated thin sections collected throughout 
the salt fountain is summarized in Table II.1. These data include mean grain and sub-grain 
size, axial ratio and calculated differential stress using the piezometric equation D (µm) = 215 
σ -1.15 (MPa)  (Schléder and Urai, 2005; Urai and Spiers, 2007). To describe grain and sub-
grain sizes, we used the geometric mean and the difference between the third and first quartile 
(grain size spread), which are most representative values characterizing the log-normal 
distribution (Lexa et al., 2005). Grain sizes of samples collected in the upper and middle part 
of the fountain (samples 1.1, 1.3, 2.5 and 2.6) range between 400 and 600 µm in diameter 
whereas grain size of samples from the distal part of the fountain is relatively smaller, 210 to 
330 µm (samples 1.7 and 9.3). The grain size spread also generally decreases from the top-
middle part (Q3-Q1 = 0.3-0.5) to the distal part of the fountain (Q3-Q1 = 0.18-0.3), except for 
the sample 1.4, where both grain size and grain size spread are similar to the samples from the 
top and middle part of the fountain. In contrast, the axial ratio of grains increases from values 
around 1.46 at the top to 1.6 in distal part of the fountain.  Sub-grains from sub-grain-rich 
porphyroclasts measured in all investigated samples reveal size between 36 and 58 µm 
corresponding to differential stresses in the range of 3.1 – 4.8 MPa. 
 
 
Table II.1: Quantitative analysis of microstructures performed on grains and sub-grains. 
• EBSD measurement on samples from the distal part of the fountain 
An EBSD map depicting the crystallographic orientation of 726 grains measured within 8 x 3 
mm area of sample 1.7 is presented in Figure II.9. The CPO (crystallographic preferred 
orientation) pattern is close to random. Only few low degree misorientation boundaries in the 
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map of crystallographic orientation (Figure II.9.b) confirm the microscopic observation that 
the small grains are in majority without any substructure. Few sub-grains are indicated in some 
of the larger grains by domains of low misorientation with respect to the host grain. For 
sample 9.3, EBSD mapping was performed in three distinct areas in the neighborhood of 
substructure-rich porphyroclasts surrounded by sub-grain-poor grains to test, whether the new 
grains form by progressive sub-grain rotation of sub-grains in the rims of porphyroclasts. The 
maps revealed porphyroclasts containing sub-grains with dominant misorientations from 2 to 
5º with a few boundaries between 5-10º and very rarely with 10-15º (a representative EBSD 
map is shown in Figure II.10). Misorientation of 15º was taken as lower limit for high-angle 
grain boundary (Bestmann et al., 2005). Comparing the etched thin section images and the 
EBSD patterns (Figures II.10.a, b), it is apparent that some of the sub-grain boundaries do not 
occur on the EBSD map, indicating that these boundaries have a lower misorientation degree 
than 2º (Trimby et al., 2000). The misorientation profiles indicated in Figure II.10.b reveal that 
the misorientation degree increases from the porphyroclast core towards the new adjacent 
grain (Profile A-B, Figure II.10.d). The misorientation change is gradual within the 
porphyroclasts. Similarly, profile C-D (Figure II.10.d), reveals a step-like and increasing then 
decreasing degree of misorientation from one porphyroclast to another. This profile and the 
stereographic projection data (Figure II.10.c) show that the crystallographic orientation of both 
porphyroclasts is similar.   
II.1.5. Discussion 
As discussed in the following sections, microstructural analysis of the rock salt samples 
collected on the active Qum-Kuh salt fountain enabled identification of several deformation 
mechanisms that contribute to the viscous salt flow. Their relative activity depends on the 
location within the extrusive salt fountain. We also found microstructural evidence for 
rainwater penetration into the fountain, which can cause weakening of salt by enhancement of 
fluid-assisted deformation mechanisms. The results of microstructural analysis are finally 
explained in the tectonic framework of this extrusive diapir. 
II.1.5.a. Deformation and recrystallization mechanisms inferred from the selected samples 
As suggested by microstructural observations, the flow of rock salt in the fountain is provided 
by dynamic recrystallisation, including both grain boundary migration (GBM) and sub-grain 
rotation (SGR) together with pressure-solution (PS) accommodated grain boundary sliding 
(GBS). These mechanisms operate simultaneously in deforming salt throughout the salt 
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fountain, although the evidence for relative dominance of PS accommodated GBS increases 
from the top to the distal part at the expense of dynamic recrystallization. 
 
 
 
 
Figure II.9: EBSD measurements of the halite fabric in sample 1.7 from the distal part of the fountain. 
The stretching lineation is horizontal. (a) EBSD map colored according to all Euler orientations (green 
pixels = zero solution), created with a step size of 10 µm. Misorientation between grains was plotted 
using the following color code: white boundary > 2-5º, blue: 5-10º misorientation, yellow: 10-15º and 
black: >15º misorientation.  (b) Equal area, lower hemisphere projections of the crystallographic 
orientation data (one point per grain is plotted for total 726 grains). The dataset shows random 
crystallographic orientation typical for dominant PS accommodated GBS regime.  
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Figure II.10: EBSD measurement of an area encompassing two substructure-rich porphyroclasts 
(sample 9.3). (a) Reflected light micrograph showing sub-euhedral grains between the deformed grains. 
(b) Same area as (a), mapped with a step size of 20 µm. The map is color-coded according to all Euler 
orientation. White boundary: 2-5º misorientation, blue: 5-10º misorientation, yellow: 10-15º 
misorientation and black: >15º misorientation. Note that the upper grain has a sub-grain-poor core and 
sub-grain-rich rim. Some of the sub-grains at the immediate vicinity of the grain boundary reveal higher 
misorientation angle than the others. (c) Equal area, upper hemisphere projection of all the data points. 
The orientation of the substructure-rich porphyroclasts are denoted with a red + and a red x symbols 
image b). For comparison, orientation of three strain-free grains is also shown (see circle, diamond and 
triangle in image b). (d) Misorientation profiles across the EBSD map indicated in (b) reveal a 
systematically increasing degree of misorientation from the porphyroclast to a new adjacent grain 
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(Profiles A-B and C-D) suggesting SGR. Profile C-D indicates step-like increase and decrease in 
misorientation between the two porphyroclasts in the EBSD map (b), which can represent remnants of a 
single large porphyroclast, considering their close crystallographic orientation (c). Starting points of 
these profiles (A or C) were used as reference points (i.e. 0° misorientation). 
• Dynamic recrystallization 
All gamma-irradiated samples investigated in this study show evidence for growth bands, 
which reflect changes in grain-boundary fluid chemistry or migration rate during grain 
boundary migration (Schléder and Urai, 2005; Murata and Smith, 1946). Growth bands appear 
either in small sub-grain-free grains in contact with sub-grain-rich porphyroclasts (Figures 
II.3.b, c and II.5.b, c) or in the sub-grain-free rim of sub-grain-rich core grains in contact with 
sub-grain-rich porphyroclasts (Figures II.3.d, e and II.5.b). The sub-grain poor grains with 
growth bands are interpreted to consume sub-grain-rich grains by GBM (Guillopé and Poirier, 
1979).  
The sub-grain-rich core in larger grains may be surrounded by banded rim with elongated sub-
grains (Figures II.3.d, II.5.d and II.6.c). These are interpreted to reflect the edgewise 
propagation of sub-grains behind migrating grain boundaries (Means, 1983; Means and Ree, 
1988; Ree, 1991). This process is similar to that found in bischofite (Urai, 1983; 1987) and 
octachloropropane (Means, 1983; see also Urai et al. 1986a), where the dominant process 
during dynamic recrystallization is simply the migration of pre-existing high angle grain 
boundaries, without the formation of new grains sensu stricto (Urai et al., 1987).  
Considering a large variety of “substructure richness” in the samples from the top and middle 
part of the fountain and abundant growth bands with edgewise propagated sub-grains we 
interpret the growth bands as a result of strain-induced GBM rather than static annealing. The 
latter is typical for elevated temperatures (Piazolo et al., 2006) or high differential stress 
(Schenk and Urai, 2004) and can be excluded for conditions occuring in extrusive salt (< 50°C, 
<1 MPa in salt glacier; Schléder and Urai, 2007; and <5 MPa for the domal salt; this paper, 
Table II.1). Although static recrystallization was suggested to be responsible for grain size 
growth for a very coarse-grained (up to 14 cm) Ara salt type on the top of surface-piercing 
diapir in Oman (Schoenherr et al., 2007), that could be alternatively explained by passive 
transport of coarse-grained salt domain in undeformed state from greater depths as an 
inclusion within the surrounding finer-grained salt. Non-banded, substructure-free grains with 
sub-euhedral boundaries in the vicinity of porphyroclasts in the samples from the distal part of 
the fountain (Figure II.8.c, d) are also interpreted as a result of strain-induced GBM.  
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Porphyroclasts with sub-grain-rich margins (Figures II.7.a and II.8.a, b) observed in samples 
from the distal part of the fountain are typical for SGR (Stipp et al., 2002; Drury and Urai, 
1990; Passchier and Trouw, 2005). though such mechanism has not been clearly proved to be 
operative in halite in natural conditions. However, our EBSD results corroborate also SGR 
(Figure II.10), where marginal sub-grains are progressively misoriented from the center 
towards the rim of porphyroclasts. Considering the significantly larger grain sizes of the 
substructure-poor grains in mantles of porphyroclasts than the sub-grains (Figure II.8.c, d; 
Table II.1), the new grains are interpreted as originated by combined activity of SGR and 
GBM.  
The grain boundary between the sub-grain-rich grains and sub-grain-free grains invariably 
contains arrays of fluid inclusions. We assume that this fluid is the original fluid present on 
grain boundaries before sampling and that it was not introduced during etching of the thin 
sections. Trace amount of brine greatly increases the grain boundary mobility and induces 
dynamic recrystallization by fluid-assisted grain-boundary migration (e.g. Watanabe and 
Peach, 2002). 
• Solution-precipitation 
Truncation of growth band microstructures by neighboring grain boundaries (Figures II.3.e; 
II.5.e and II.8.f) pointing to dissolution during solution-precipitation creep are present in all 
studied samples. Similar microstructures originated by solution-precipitation creep were 
reported by Spiers et al. (1990) in porous polycrystalline halite containing saturated brine. The 
elongated sub-grains in the tails of porphyroclasts from samples of the distal part of the 
fountain (Figures II.7.b and II.8.e) are interpreted as overgrowths that typically form in the 
pressure-shadows of rigid clasts and reflect pressure-solution creep together with grain 
boundary sliding process (Schléder and Urai, 2007; Schoenherr et al., 2009). Intergranular 
fluid identified on grain boundaries (Figure II.4) is essential for activity of pressure-solution 
mechanism (Lehner, 1995; Schutjens and Spiers, 1999; Spiers et al., 2004; Passchier and 
Trouw, 2005). Though evidences for dislocation creep regime were also found in samples 
from the distal part of the fountain (Figure II.8.a-d, see above), the absence of CPO in sample 
1.7 (Figure II.9) and the abundance of pressure fringes around rigid clasts only visible in other 
samples from the distal part of the fountain (samples 1.4, 9.3; Figure II.8.e) suggest that 
pressure-solution accommodated GBS is the dominant deformation mechanism active in the 
distal part of the fountain, which is also attributed to the relatively smaller grain size (Spiers 
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and Carter, 1998) in samples from this part in contrast to the top and middle part of the 
fountain (Table II.1). 
II.1.5.b. Possible incorporation of rainwater into rocksalt microstructures 
In the gamma-irradiated sample 2.6 (Figure II.6), which was collected at the surface of the 
middle part of the fountain, the boundaries and also sub-horizontal inter-granular fractures 
impregnated by dark blue salt characterize an interconnected network. The dark blue salt is 
interpreted as crystallized brine that penetrated into the porous salt mass after rainfall. Sub-
horizontally elongated pores in the specimens also likely reflect parts leached by halite-
unsaturated rainwater penetrating the surficial layer of the salt fountain. The micro-channels 
that streamlined the meteoric water are manifested by irregularly banded dark blue salt with 
discontinuous fluid-inclusion-rich bands, “hugger-mugger” wavy bands and lack of any grain 
and sub-grain structures (Figure II.6.d, e). These are clearly different from straight fluid-
inclusion-outlined arrays and chevrons characteristic for primary (syn-sedimentary) structures 
(Schléder and Urai, 2005). The origin of porosity in salt is commonly associated by micro-
cracking and dilatancy at high fluid pressure or low mean stress (Urai et al., 2008, Schoenherr 
et al., 2007). However, the long-term stress conditions at the surface of the extrusive salt do 
not meet these requirements for dilatancy. We propose that the porosity in the rock salt on the 
surface of the salt fountain is promoted by formation of orthogonal sets of anisotropy-related 
joints and strain due to diurnal and seasonal thermal contraction and expansion (Talbot and 
Aftabi, 2004), which can cause intra- and inter-granular micro-cracking. The fractures should 
also slowly dilate as the surficial carapace extends due to continuous growth/inflation of the 
viscous fountain. Identification of this micro-scale crack network marked by newly 
precipitated brine (Figure II.6.a) suggests that meteoric water can be incorporated into the salt 
rock microstructure as fluid inclusions trapped in the inter-granular network (Figure II.6.e) and 
can be later re-mobilized to enhance the rate of deformation mechanisms in rock salt (Schenk 
and Urai, 2005; Schmatz and Urai, 2009). The sub-horizontal elongation of smooth shaped 
pores suggests that the rock salt is dissolved by fresh water primarily along the sub-horizontal 
system of cracks (Figure II.6.a, b). It is also possible that the leached parts of the rock salt in 
this salt sample were partly precipitated along the identified sealed crack network.  
II.1.5.c. Salt flow dynamics in extrusive salt from identified deformation mechanisms 
The movement of rock salt from the source layer through a diapiric stem to the Earth surface is 
accompanied by significant changes in deformation conditions, which is accentuated by the 
three-dimensional nature of salt flow in the diapiric system (Talbot and Jackson, 1987). 
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Besides decreasing temperature of deformation given by the local geotherm, the salt flow is 
strongly accelerated, when flowing radially from the source layer to the narrow diapiric stem 
and is characterized by convergent flow (Figure II.11; Talbot and Jackson, 1987; Paterson et 
al., 1998; Kratinová et al., 2006). The accelerating salt flow in the narrow diapiric stem is 
accompanied by differential stress increase. In contrast, the flow rate of salt decelerates, where 
the salt fountain pours out radially from its orifice on the Earth surface due to divergent flow 
(Talbot, 1998; Buisson and Merle, 2002; 2004, Závada et al., 2009). Microstructural evidence 
in this and previous studies suggests that these changes in deformation conditions throughout 
the entire diapiric system are recorded in the deformation microstructures. Sub-grain size 
piezometry in our samples indicates differential stresses of 3.1 – 4.8 MPa, which is at least 
four times higher than we can expect in the salt glacier (less than 1 MPa in Schléder and Urai, 
2007), two times higher than calculated for the Garmsar hills salt glacier in central Iran 
(Schléder and Urai, 2007), slightly higher than the salt from diapiric wall in Klodawa salt mine 
(Schléder et al., 2007) and in the same range as rock salts representing the upper part of 
surface-piercing diapirs by Schoenherr et al., (2009). Differential stresses calculated from 
piezometry are about 2x higher in the diapiric stems represented by surface piercing Ara salt in 
Oman than in the source layer of the same rock salt (Schoenherr et al., 2009). Therefore, for 
the Qum Kuh fountain, we interpret that the sub-grains in the porphyroclasts originated in the 
diapiric stem (Figure II.11), marked by high differential stresses during dynamic 
recrystallization of rock salt governed by accelerated convergent viscous salt flow. The sub-
grains were then preserved within the porphyroclasts during salt flow towards the distal part of 
the fountain. This interpretation is in agreement with previous studies (Schléder and Urai, 
2007, Schoenherr et al., 2009) and seems possible, considering that primary sedimentary 
features were found in porphyroclasts of surfaced rock salt extruding from depth of 2 km 
(Schléder and Urai, 2007). The diapiric stem is also marked by balanced activity of SGR and 
GBM (as also suggested for diapiric salt wall in Klodawa salt mine in Poland; Schléder et al., 
2007). 
In contrast, growth of grains and sub-grain boundaries growing edgewise from sub-grain rich 
cores (GBM, Figure II.11) reflect recovery of the aggregate during dynamic recrystallization 
after stress drop and salt flow deceleration, where the salt fountain pours out radially from its 
orifice on the Earth surface (Talbot, 1998; Buisson and Merle, 2002; 2004). Although the 
microstructures evince combined activity of both dynamic recrystallization (GBM) and 
pressure-solution accommodated GBS, dynamic recrystallization is clearly dominant in the top 
and middle part of the fountain (compare similar microstructures in Figures II.3 and II.5). 
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Rainwater influx (Talbot and Rogers, 1980; Urai et al., 1986b; Urai and Spiers, 2007) into the 
salt extrusion was documented in one sample collected in the middle part of the fountain 
(Figure II.12). The amount of water incorporated into the salt extrusion is unknown, though it 
must be considerable as suggested by the semi-permanent salty lake at the southern, distal part 
of the fountain. However, considering the abundance of microstructures indicative for pressure 
solution creep in surface piercing plug of Ara salt in Oman (Schoenherr et al., 2009) in 
contrast to lack of such microstructures in the top of Qum-Kuh fountain, we suppose that the 
influx of meteroic water into the fountain (Qum-Kuh) was slower than into the surface 
piercing plug of Ara salt. This can be explained by slower viscous flow induced extension of 
the surficial salt carapace and consequent extension of intergranular channels in mature 
extrusions (Buisson and Merle, 2002; 2004) than in the surface piercing salt plugs or by higher 
precipitation rate in Oman than in central Iran. 
 
 
 
Figure II.11: Schematic diagram explaining the evolution of documented deformation microstructures 
in the entire diapiric system. The microstructural evolution reflects primarily the changing deformation 
conditions governed by the three-dimensional flow geometry in the diapir. From the source layer to the 
diapiric stem, salt flow converges radially and accelerates, which is accompanied by higher differential 
stresses of deformation producing small sub-grains. In contrast, at the surface, salt flow diverges and 
therefore decelerates when flowing from the diapiric orifice. Flow kinematics of viscous extrusions 
(radial stretching at the base and circumferential stretching in the top part) is also depicted (Buisson 
and Merle, 2004; Závada et al., 2009). GBM – grain boundary migration, SGR – sub-grain rotation, PS 
– pressure-solution creep. 
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In contrast to similar microstructures in samples from the top and middle part of the fountain, 
each sample from the distal part of the fountain displays different microstructures (Figure 
II.11). The sequence of samples 1.4, 9.3 and 1.7 is interpreted to represent a continuous 
microstructural evolution. While the gneiss sample 1.4 reveals core and mantle porphyroclasts 
and poorly developed pressure shadows with elongated sub-grains, in a protomylonite sample 
9.3, the porphyroclasts contain abundant sub-grains in their entire volume and most of them 
are surrounded with well-developed pressure shadows with elongated sub-grains (Figure 
II.8.e). Finally, the most intensely recrystallized sample (mylonite in this sequence) 1.7 reveals 
only few porphyroclasts with variable content of sub-grains and large amount of sub-grain-free 
polygonal grains. This sequence is interpreted to record an increased activity of pressure-
solution (PS) creep accommodated GBS on behalf of coupled SGR and GBM accommodated 
dynamic recrystallization (Figure II.11).  
There are two possible interpretations explaining the textural variation of the samples 1.4, 9.3 
and 1.7 from the distal part of the fountain: 1) This variation reflects a locally high strain 
gradient in rock salt, which is expected at the base of the fluid extrusions (Merle, 1998; 
Buisson and Merle, 2004) and these samples record a continuous sequence of increasing finite 
strain. 2) The samples represent different original salt layers characterized by various original 
grain size and strength. The relatively “strong” rock salts (represented by samples 1.4 and 9.3) 
deformed primarily in the diapiric stem and were then transported passively to their present 
position “en masse” within weaker rock salt layers as individual porphyroclasts enclosed in the 
“weak” matrix of small grains in sample 1.7.  
Increasing dominance of pressure-solution creep over dynamic recrystallization from the top to 
the distal part of the fountain is explained by influx of meteoric water into the salt fountain and 
also grain size decrease by combined activity of SGR and GBM. Our results are in good 
agreement with experimental deformation on wet, fine grained halite (Urai et al., 1986b; Peach 
et al., 2001; Ter Heege et al., 2005; Schléder and Urai, 2007) who showed that solution 
transfer processes dominate over crystal plastic deformation mechanisms in fine grain halite 
aggregates deformed at low differential stress.  
II.1.6. Conclusions 
Our study of rock salt microstructures from the Qum-Kuh salt fountain confirms that gamma-
irradiation is a fundamental technique for rock salt microstructural investigations. This 
technique, together with EBSD analysis of crystallographic orientation and quantification of 
the rock salt microstructures using the PolyLX Matlab toolbox represent a powerful approach 
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for identification of deformation mechanisms in natural rock salt. Concerning the study of the 
Qum-Kuh salt fountain, our microstructural analysis of the gamma-irradiated specimens 
revealed that: (1) the internal parts of porphyroclasts in all samples preserve deformation 
microstructructures recording the high-stress deformation conditions from the diapiric stem, 
(2) differential stress drop and recovery of rock salt during dynamic recrystallization and 
decelerating divergent flow above the extrusion orifice is reflected by grain growth and 
edgewise propagation of sub-grains by grain boundary migration (GBM), (3) the transition 
from GBM controlled dislocation creep with subordinate solution precipitation – grain 
boundary sliding (PS-GBS) in the top and middle part of the extrusion to dominant PS-GBS 
with subordinate GBM and probably SGR in the distal part of the fountain, (4) the role of 
combined activity of GBM and SGR for grain size reduction inducing the switch from 
dominant dynamic recrystallization into dominant solution-precipitation creep from the top 
and middle part to the distal part of the fountain and (5) penetration of rainwater into the salt 
mass and storage of small amount of fluid in the surperficial salt mass, which is later 
susceptible to enhance the activity of both dynamic recrystallization and solution-precipitation 
accommodated GBS.  
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II.2. Fluid distribution in grain boundaries of natural fine-grained 
rock salt deformed at low differential stress (Qom Kuh salt fountain, 
central Iran): implications for rheology and transport properties 
Published as: Desbois G., Urai J.L. and De Bresser H. (2012). Fluid distribution in grain 
boundaries of natural fine-grained rock salt deformed at low differential stress (Qom Kuh salt 
fountain, central Iran): implications for rheology and transport properties Journal of Structural 
Geology, 43: 128-143. 
Abstract 
We used a combination of broad ion beam cross-sectioning and cryogenic SEM to image 
polished surfaces and corresponding pairs of fractured grain boundaries in an 
investigation of grain boundary microstructures and fluid distribution in naturally 
deformed halite from the Qom Kuh salt glacier (central Iran). At the scale of 
observations, four types of fluid-filled grain boundary can be distinguished by 
morphology (from straight to wavy), thickness (from 5000 to 50 nm) and the presence of 
fluid inclusions. The mobility of the brine is shown after cutting the inclusions by broad 
ion beam (BIB) in vacuum and fine-grained halite forms efflorescence and precipitates on 
internal walls of inclusions. At cryogenic temperature, grain boundary brine is shown 
either as continuous film or in isolated inclusions. The halite-halite grain boundary 
between isolated fluid inclusions is interpreted to have formed by fluid-assisted grain 
boundary healing. Preliminary experiments on the samples at shear stress conditions of 
natural salt glacier show very slow strain rates (7.4x10-10 s-1 and 1x10-9 s-1), which are less 
than expected for pressure solution creep. Both microstructures and deformation 
experiments suggest interfacial energy-driven grain boundary healing and therefore 
rendering inactive the pressure solution creep in our samples. This result disagrees with 
previous microstructural studies of the same sample, which showed microstructural 
evidence for pressure solution (and dislocation creep). Different explanations are 
discussed, which imply that both healing and reactivation of grain boundaries is important 
in salt glaciers, leading to heterogeneous distribution of deformation mechanisms and 
strain rates in both space and time. 
II.2.1. Introduction 
Low permeability and self-healing are two characteristics that make rock salt excellent seals 
for hydrocarbon accumulations (Warren, 2006; Van Gent et al. 2011); chemical barriers (Saeb 
and Patchet, 2001); storage of hydrocarbons (Schlomer et Kross, 1997; Schoenherr et al., 
2007), anthropogenic CO2 (Perry, 2005); compressed air (Thoms and Gehle, 1982; Düsterloh, 
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and Lux, 2010); and waste disposal sites (Langer, 1993; Hunsche et al., 2003;  Bräuer et al., 
2011). A good understanding of rock salt rheology is essential to evaluate the long-term 
performance of salt in these settings. The study of the mechanical properties of halite and 
deformation mechanisms of halite (Carter and Hansen, 1983; Wawersik and Zeuch, 1986; Urai 
et al., 1986b; Spiers et al., 1990; Carter et al., 1993; Franssen, 1993; Hunsche & Hampel, 
1999; Popp & Kern, 2000; Peach et al., 2001; Popp et al., 2001; Hunsche et al., 2003), and 
extrapolation of these data to conditions for slow geological deformation has provided a 
relatively solid basis for understanding salt rheology (Urai et al., 2008). For example, at room 
temperature and low effective pressure, crystal plasticity is usually accompanied by micro-
cracking and semi-brittle processes. Even at room temperature, dislocation creep processes 
accompanied by dynamic recrystallization become active in coarse-grained wet salt. In 
sufficiently fine grained wet halite, pressure solution  creep (Spiers et al., 1990) can become 
dominant.  
Based on this understanding, it is perhaps surprising that the different communities interested 
in long-term deformation of rock salt use widely different constitutive models (Spiers et al., 
1990; Hunsche et al., 1996;  Koyi, 2001; Popp et al., 2001; Schulze et al., 2001; Schoenherr et 
al., 2007; Urai et al., 2008; Desbois et al., 2010; Ings & Beaumont, 2010) and arrive at very 
different predictions and models for salt deformation. An aim of this study is to contribute to a 
unified model of salt rheology, which incorporates all known processes and can be applied to 
the full range of boundary conditions.  
Naturally extruded, actively deforming rock salt is widely used as a natural deformation 
laboratory because deformation rates can be measured, structures are accessible over large 
areas with high resolution, and the rock can be sampled for laboratory analyses (Drury and 
Urai, 1990; Talbot et al., 2000; Talbot & Aftabi, 2004). In salt glaciers, it is recognized that 
dislocation creep is far too slow to produced the observed salt flow downhill under its own 
weight (Talbot, 1979; Talbot, 1981; Urai et al., 1986b; Talbot and Jarvis, 1984; Talbot, 1998; 
Talbot et al., 2000; Talbot and Aftabi, 2004). Pressure solution creep and extreme grain size 
reduction is widely inferred to weaken glacial salt (Wenkert, 1979). Previous microstructural 
studies on naturally deformed glacier salt (Talbot, 1981; Urai et al., 1986; Schléder et al., 
2007; Schléder and Urai, 2007; Desbois et al., 2010) identified that pressure solution creep and 
dislocation creep are both active in deforming salt glaciers.  
On the other hand, the process of surface-energy-driven grain-boundary healing, which 
dominates in rocks of specific grain size under suitable conditions of stress, pore pressure and 
temperature, can produce “yield stress” for pressure solution creep, as proposed by van Noort 
et al. (2008), Ghossoub and Leroy (2001), Visser (1999) and Lehner (1995). Observations 
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pointing to this phenomenon were reported by Hickman and Evans (1991), Visser (1999), 
Schenk and Urai (2004), Schleder and Urai (2005), Schmatz (2010) and Desbois et al. (2012a). 
Once the grain boundaries are healed and the yield stress is overcome, marginal dissolution of 
the healed contacts as modelled by Ghossoub and Leroy (2001) leads to activation of the 
process and a return to linear viscous rheology. Van Noort et al. (2008) proposed a healing 
criterion for non-hydrostatic condition defining domains where pressure solution creep and 
grain boundary healing are effective. 
Although microstructural studies using gamma-irradiated rock salt (Schléder and Urai, 2007; 
Desbois et al., 2010) showed that dislocation creep and pressure solution creep mechanisms 
are both active in natural salt fountains, the switch between the two processes is not well 
understood. Desbois et al. (2010) suggested that the switch from dominant dislocation creep to 
dominant pressure solution creep is controlled by grain size reduction and enhancement of 
pressure solution by rainwater penetration along the grain boundary and fracture networks. 
However, the same microstructural studies point to isolated fluid inclusions at grain 
boundaries, reflecting healed grain boundaries (Urai et al., 1986a; Schmatz and Urai, 2010; 
Desbois et al., 2012a), and suggesting inhibited pressure-solution creep. However, detailed 
observations of these grain boundaries are not yet available to test this interpretation. 
This contribution reports about a detailed investigation of secondary phases and distribution of 
fluids in grain boundary networks of natural fine-grained halite (Kom Kuh, central Iran; 
Desbois et al., 2010; Talbot and Aftabi, 2004). To perform this analysis, we prepared samples 
using three different methods: (1) broad ion beam (BIB) cross-sectioning (Desbois et al., 2009) 
to prepare extremely well-polished surface at room temperature suitable for high resolution 
SEM imaging, (2) fracturing samples in ether to split grain boundaries and analyze 3D 
microstructures from matching pairs of grain surfaces and (3) quenching samples in slushy 
nitrogen followed by cryo-SEM (Desbois et al., 2008, 2009; Holzer et al., 2007, 2010) to 
investigate stabilized in-situ brine at grain boundaries. In parallel, we also report preliminary 
deformation experiments of the same samples for the very low differential stress 
corresponding in nature.  
II.2.2. Materials and methods 
II.2.2.a. Samples 
Several diapirs of the Lower Oligocene and Lower Miocene salt sequence reach the surface in 
central Iran forming salt glaciers or salt fountains (Jackson et al., 1990). Those include the 
Qom Kuh fountain (100 km SSW of Tehran), which is interpreted to emerge from a depth of 5 
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to 3 km along a releasing bend in a major dextral transpressive fault crossing the Qom basin 
(Figure II.12.a).  The diapir is at the junction of the dextral Qom fault zone, a WNW-striking 
thrust, and a pair of N-striking normal faults (Morley et al., 2009). The salt hill is 3 km wide 
and rises 315 m above the surrounding plateau. From the vent, the salt fountain spreads ~ 0.75 
km to the west and ~ 2 km to the southeast. The complex surface pattern of the salt layering 
reflects multiple repetition of the initial salt stratigraphy by folding during several deformation 
phases (Talbot and Aftabi, 2004). The majority of the rock salt throughout the fountain 
belongs to the multicolored Upper Red Formation of Lower Miocene age and consists of halite 
with minor buff anhydrite (Figure II.12.b) and traces of red clay and green volcanic ash. White 
salt of the Lower Red Formation (Lower Oligocene) occurs locally at the base of the 
allochthonous salt (Talbot and Aftabi, 2004).  
For this study, we selected three samples, all belonging to naturally deformed fine-grained 
mylonitic rock salt from the distal part of the Qom Kuh salt fountain in Iran (Schlèder, 2006; 
Desbois et al., 2010) and collected in a quarry located on the western margin of the fountain 
(Figure II.12.a). The three samples, numbered 1.4, 1.7 and 9.3 (same as in Desbois et al., 
2010), represent the white salt of the Lower Red Formation, which is marked by recumbent 
folds and rock salt texture with a slight shape preferred orientation parallel to the axial planes 
of folds. Under the optical microscope, the samples are pure halite with minor anhydrite 
outlining the foliation (Figure II.12.b). Samples 1.7 and 9.3 are characterized by geometric 
mean grain sizes between 210 and 330 µm (for samples 1.7 and 9.3 with a grain size spread 
[i.e. the difference between the third and first quartile] of Q3-Q1 = 0.18-0.3, respectively) 
whereas sample 1.4 has a slightly bigger geometric grain size (400 µm; Q3-Q1 = 0.3-0.5) 
(Desbois et al., 2010). For all samples, the axial ratio of grains is about 1.6 and sub-grains 
from sub-grain-rich porphyroclasts (Figure II.12.b) are between 36 and 47 µm in size 
corresponding to differential stresses in the range of 3.8 – 4.8 MPa (Sub-grain size piezometry 
in Schléder and Urai, 2005 and Urai and Spiers, 2007), which is interpreted to be related to the 
differential stress occurring in the diapir stem (Desbois et al., 2010). A comprehensive 
microstructural study of these samples in optical thin sections is given by Desbois et al. 
(2010).  
II.2.2.b. Sample preparation, analytical techniques, instruments used and experimental 
procedures 
Sub-samples were slowly cut with a low-speed 0.3 mm diamond saw with N-Hexane as 
lubricant to avoid as much as possible chemical and mechanical damages. Ion beam cross 
sectioning (see below) was performed at room temperature using samples about 5 x 5 x 5 mm 
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in size. For grain-boundary splitting in ether, samples were 10 x 20 x 20 mm3 (see below) and 
for cryo-SEM experiments (see below) samples were about 5 x 5 x 1 mm to allow efficient 
cooling rates (Desbois et al., 2008, 2012a). 
 
 
 
Figure II.12: Regional setting of Qom Kuh rock salt fountain (central Iran) and grain fabrics overviews 
of studied mylonitic samples. (a) Simplified map of the Qom Kuh with sampling localities, topographic 
contours and distribution of the arbitrary stratigraphy (re-drawn from Talbot and Aftabi, 2004). (b) A 
typical grain fabric (Sample 1.7) as seen from scanned optical thin section: halite porphyroclasts are 
draped in a very fine-grained halite matrix where the bedding is underlined by the presence of minor 
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anhydrite (modified from Desbois et al., 2010). (c) A typical grain fabric with pores (Sample 9.3) as 
seen by SEM on a broad ion beam cross section: at this scale only the biggest pores at multiple grain 
junctions are visible. 
• Ion beam cross sectioning and X-ray chemical microanalysis 
To study microstructures at grain boundaries using SEM, (Desbois et al., 2009), high quality 
polished cross-sections of about 2 mm2 (Figure II.12.c) were prepared at room temperature 
with a stand-alone Broad Ion Beam (BIB) cross-section polisher (JEOL SM-09010; 6 kV 
voltage, 150-200 nA, Figure II.13.a). Broad ion beam cross-sections were planes parallel to the 
lineation and perpendicular to the foliation (Figures II.14-18).  All samples prepared by broad 
ion beam cross sectioning were coated with gold (15 mA, 50 sec.) before SEM imaging 
typically performed at 3 or 7 kV at a working distance of 5 mm and aperture of 30 µm. To 
remove efflorescence on the polished surface (cf. Schenk and Urai, 2004) due to release of 
grain-boundary brine during broad ion beam cutting, some of samples were cut twice, 
removing an additional 20 µm (Figure II.18). To determine the nature of phases present in the 
grain boundaries, X-ray chemical micro-analysis was performed using an EDX detector 
(EDAX, Apollo 10 SDD) along single lines across the region of interest with 20 kV 
acceleration voltage, WD = 8.5 mm and aperture of 60 µm (Figure II.17). 
 
 
 
Figure II.13: Techniques used for sample preparation. (a) The broad ion beam cross sectioning is 
on Argon gas source: the ion beam (about 500 µm in diameter) irradiates the edge of sample without 
shielding plate to guide the ion beam vertically to the top surface to create polished surface beneath the 
shielding plate. Typical cross sections performed on natural halite sample are in the range of 2 mm2 
area. (b) Exposition of corresponding pairs grain-surface fractured in ether at room temperature. The 
sample is first immersed in ether for few minutes, fractured in ether and dried at 40° in oven. Ether 
causes thermal shock of the sample leading to the cracking of grain boundary network. (c) Fracturing of 
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sample at cryo-temperature. The natural wet sample is first mounted in the appropriate sample holder 
room temperature. In the preparation chamber, the sample is freeze-fractured to prepare “fresh” 
To decorate in-situ fluids, the sample is freeze dried (from -150°C to -80°C for 80 min.) and then coated 
with platinum (Pt) for high-resolution imaging.  
• Sample fracturing in ether 
Because of its high volatility and non-polar nature, di-ethyl ether was used to cause thermal 
shock that triggered microcracking of grain boundaries (Spiers et al., 1984; Olgaard and Fitz 
Gerald, 1993). This exposes matching grain-boundary surfaces (the "opposite halves of a grain 
boundary"; Figures II.13.b and II.19; Olgaard and Fitz Gerald, 1993). After drying the 
fractured surfaces at 40°C for one day, the samples were coated with gold for SEM imaging (3 
- 7 kV; WD ≈ 5 mm; 30 – 60 µm aperture). 
• Cryo-SEM 
Cryogenic electron microscopy (Cryo-SEM) is the combination of cryogenic techniques to 
stabilize fluids in the grain boundaries and pores at 77K followed by use of SEM to study the 
frozen fluids at high resolution (Schenk et al., 2006; Holzer et al., 2007; Desbois et al., 2008, 
2009, 2012a; Holzer and Cantoni, 2011). Cryo-SEM experiments were performed using a 
Zeiss SEM (Supra 55) with a high resolution GEMINI field emission column, operating at 
very low acceleration voltage and a thermally assisted Schottky field emission gun, combined 
with a cryogenic station (Quoron PP200T). The cryogenic system includes facilities for plunge 
freezing, cryo-preparation of samples (i.e. cold fracturing and Pt- or C- coating) and cryo-
transport (via cryo shuttle operating at cryogenic temperatures and vacuum conditions) of 
frozen samples from the plunge-freezing console or preparation chamber to the SEM chamber. 
The cryo-system also maintains also the SEM sample-stage at cryo temperature (around – 150 
°C). 
For cryo-experiments, the basic procedure of sample preparation and imaging is as follows 
(Figure II.13.c): (a) the sample is mounted on the appropriate sample holder at room 
temperature; (b) plunged-frozen in slushy nitrogen, and stirred to minimize the Leidenfrost 
effect (Desbois et al., 2008); (c) the sample is freeze-fractured with a cold-knife to expose a 
“fresh” surface; (d) the sample is freeze-dried in the SEM chamber (from -150°C to -85°C for 
80 min.); and (e) finally, the cold-fractured surface is coated with platinum (15 mA, 50 sec.) 
before SEM imaging typically performed at 3 or 7kV for a working distance of 5 mm and 
aperture of 30 µm. In our experiments, to help with detection of brine distribution, in-situ 
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fluids were sublimated. This technique is also called freeze-drying (Desbois et al., 2008; 
Schenk et al., 2006). Freeze-dried brine has a characteristic “foam” morphology, which can be 
used to identify in-situ brine (Figures II.20 and II.21). 
 
 
 
Figure II.14: SE-inlens micrographs of broad ion beam surfaces performed on sample 9.3, (a), 1.4 (b) 
and 1.7 (c) at room temperature. In all cases, the grain-boundary network is underlined by rough 
surface in middle gray level of about 50 µm wide with tends to be larger around open pores exposed by 
broad ion beam cutting. Bright regions are large pores and grain boundary framework because of the 
accumulation of electrons (edge-charging effect). The difference of gray values between the parts of 
grains, which have affected by efflorescence or not results from a slight density contrast which is 
emphasized by the SE-inLens detector. 
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• Experimental deformation 
Cube-shaped natural rock salt samples 12.5 x 12.5 x 12.5 mm3 (sample 9.3) from the salt 
glacier (Qom Kuh, Central Iran) oriented with the mylonitic foliation at 45 degrees to the 
loading direction, were deformed in a dead-weight uniaxial loading apparatus at the HPT 
laboratory of the Department of Earth Sciences at Utrecht University, to simulate flow 
deformation at very small differential stress in the salt glaciers. Samples have a mean grain 
size of 250 µm. Before loading, though the grain-boundary fluid inclusions are sufficiently 
tight to not leak (see .2.4.a), samples were re-wetted in saturated brine to fill any accessible 
porosity, countering any dry-out; by simple immersion of the sample a) in brine for days, b) in 
brine under vacuum or c) in brine under vacuum after pre-drying at 500°C. Samples were 
subsequently coated with silicone grease to prevent transport along the edges of the sample 
and jacketed in rubber. Shortening of the samples parallel to the loading direction was 
measured as a function of time using a Metric inductive linear sensor with a sensitivity of 3 
mV per µm. The dead-weight apparatus and sensor were put in a temperature controlled foam-
polystyrene box. A constant temperature of 35°C was applied at all tests, using a thermocoax 
heating element wrapped around the column guiding the dead weight. The temperature was 
measured using a type-K thermocouple and kept constant within 0.2°C by means of a digital 
CAL 9900 PID controller connected to a type-K controlling thermocouple. Deformation 
experiments were performed with a weight corresponding to a loading stress around 0.6 MPa, 
running from 70 hours up to 2 weeks.  
II.2.3. Results 
II.2.3.a. Interface nomenclature 
To facilitate the description of grain boundaries, we use the nomenclature of Desbois et al. 
(2012a). The HH boundary is a boundary between two halite grains, with no visible structure 
at the scale of observation. The HBH boundary is a boundary where there is resolvable brine 
between two halite grains, while at HVH there is resolvable void inclusion between two halite 
grains, at the scale of observation. The H-B boundary is the contact between halite and brine 
and HV is the contact between void inclusion and halite. Therefore a brine-filled boundary 
consists of two HB boundaries (HB BH  = HBH) and a void inclusion embedded in boundary 
consists of two HV boundaries (HV VH = HVH). Secondary phases may also be present in the 
boundary and are indicated by lowercase letters in brackets: (h) for halite, (a) for anhydrite and 
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(t) for talc. Then, H(h)H, H(a)H and H(t)H boundaries describe respectively resolvable halite, 
anhydrite and talc between two halite grains. 
The shape of the boundaries can be faceted (straight, indicated by subscript f) or non-faceted 
(curved, subscript n). Again, this geometry is defined at the relevant scale of observation. 
Thus, a boundary with resolvable brine, which is faceted on one side and curved on the other 
side of the brine film, is called a HfBHn boundary. The same structure at much lower 
magnification is called an HH boundary. 
The term “void” is only used for observations performed at room temperature (i.e. when inter-
granular fluids are lost, Figures II.14-19). Therefore, a “void” is full of atmospheric air 
whereas it is empty at room-temperature-SEM condition (i.e. under vacuum). A “void” thus 
reflects an inclusion at grain boundaries that was filled early with gas and/or brine as observed 
when the fluids at grain boundaries are preserved by cryogeny (Figures II.20 and II.21).  
 
 
 
 
Figure II.15: SE2 micrographs of typical multiple grains junctions in broad ion beam surfaces 
prepared at room temperature. The internal walls of these junctions are systematically covered by 
euhedral crystals of halite (a, b, c, d and e). The euhedral crystals trend to be elongated toward the 
centre of void space (b). Sometimes, two generations of these euhedral crystals are visible (c). Here, the 
illustrated samples were broad ion beam cross-sectioned only once. 
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Figure II.16: Typical grain boundary microstructures from single broad ion beam cross-sections at 
room temperature: SE2 micrographs and associated segmentation. (a) Void inclusions at grain-grain 
contact (HVH boundary). Some void inclusions exhibit small euhedral crystals, which partially coat the 
internal void-walls. (b) Stepped-edged grain boundary contacts (HfVHf boundary). Solid inclusions of 
halite occur in corner of grain-grain contacts (Hf(h)Hf boundary) and are predated by small euhedral 
halite crystals. (c) Grain boundary including small rounded halite solid inclusions (Hn(h)Hn boundary). 
The remnant void space is partly filled with small euhedral halite crystals. (d) Conceptual view of 
efflorescence in a cross-sectioned grain boundary. A first broad ion beam cut results in the opening of 
fluid-filled grain boundaries. Driven by capillary forces the fluids are drained towards the surface and 
produce efflorescence patterns indicated by a slight topography (bumps) at the grain boundaries (1 and 
2) and halite recrystalization in the grain boundary (1). The efflorescence effect is removed by a second 
broad ion beam cut at few tens of micrometers further down. (e) Grain boundary fully filled by solid 
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inclusion of halite (H(h)H boundary). (f) and (g) show grain boundaries including trapezoidal anhydrite 
crystals (H(a)H boundary). Single anhydrite crystals are also present in multiple grains junction and 
typically predated by small euhedral halite crystals. For (g), the lining pattern interpreted as 
efflorescence front is clearly visible at vicinity of the grain boundary indicated by red dashed line. H: 
halite; V: void inclusion; (a): secondary phase - anhydrite; (h): secondary phase - halite; n: non-
faceted/curved; f: faceted/straigth. 
 
 
 
Figure II.17: SE2 microcraphs and EDX profile measurement of grain-boundary microstructures in 
broad ion beam cross-sections at room temperature from Sample 1.4. (a) Trapezoidal solid inclusions 
with relatively high Ca and S content are interpreted as anhydrite. (b and c)  Small rounded and 
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inclusions with Na and Cl content and same composition as host halite grains. (d) Other solid inclusions 
with relatively high content of Mg and Si are interpreted to be talc. The small light dots present at the 
surface of cross-sections are gold particles aggregates from the coating. H: halite; V: void inclusion; 
secondary phase - anhydrite; (h): secondary phase - halite; n: non-faceted/curved; f: faceted/straight. 
II.2.3.b. Microstructures after broad ion beam cross sectioning at room temperature 
• Identification of mineralogical phases at grain boundaries 
EDX measurements of the fine-grained euhedral single crystal aggregates (Figure II.15) 
identified these as halite. 
The chemical analysis of secondary phase (solid inclusions) in grain boundaries (Figure II.17) 
show that the small rounded (Figure II.16.c) as well as the larger inclusions (Figure II.16.b, e) 
are halite (Figure II.17.b, c). Trapezoidal inclusions (Figures II.16.f, g and II.20.d) are 
commonly anhydrite (Figure II.17.a), although talc was also detected (Figure II.17.d) in a few 
cases. Thus, halite and anhydrite are the main solid phases in grain boundaries.  
• Grain boundary lining and “bumps” at grain boundary surface 
Broad ion beam polished cross sections are smooth, however under the SE-inlens detector, 
which emphasizes density contrast, the grain-boundary network is underlined by rough surface 
in middle gray level of about 50 µm wide with tendency to be larger around open pores 
exposed by broad ion beam cutting (Figure II.14) and “bumps” are promoted directly at the 
exposed grain boundaries (Figure II.16.c, d). In Figure II.13, bright regions indicate large 
pores and grain boundary framework because of the accumulation of electrons (edge charging 
effect). In samples prepared by two successive steps of broad ion beam cross sectioning, this 
pattern is rare and only occurs near open pores exposed by broad ion beam (Figure II.18.d). 
• Microstructures at grain boundaries 
At triple-grain junctions, internal edges of grain boundaries are typically coated with 
aggregates of fine-grained Halite (Figure II.15). In places, a second generation of euhedral 
crystals is visible (Figure II.15.c).  
Figures II.16-18 present typical grain boundary microstructures (for single and twice broad ion 
beam cross sectioning, respectively), which are common to all samples.  
Samples prepared by single broad ion beam cross sectioning show: (1) straight and gently 
curved grain boundaries (HnHn, Figure II.16.a, f, g) with void inclusions (HnVHn, Figure 
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II.16.a) or secondary phases inclusions either with small elongated rounded shape (Hn(h)Hn, 
about 200-500 nm in size, Figures II.16.c and II.17.b), trapezoidal shape (Hn(a)Hn,  from 1 up 
to 10 µm in size, Figures II.16.f, g and II.17.a) embedded in the grain boundary or serrated 
shape (Hn(t)Hn, about 5 µm in size, Figure II.17.d); (2) stepped-grains contacts defined by 
facets of both pairs (HfHf, Figure II.15.b), with solid inclusions located preferentially at steps 
in grain-grain interfaces (Hf(h)Hf, Figure II.16.b); and (3) triple junctions, which contain 
occasionally trapezoid-shaped second phase inclusions (Figure II.16.f). Most of the exposed 
HnVHn boundaries have a width below 100 nm but some are much wider at up to micrometer 
(Figure II.16.c). Hn(h)Hn boundaries about 1 µm thick are usually partly filled with a massive 
solid phase (Figures II.16.e and II.17.c) without distinguishable internal structures similarly to 
those observed at corners of grain-grain interfaces in stepped-grains contacts (Hf(h)Hf, Figure 
II.15.b). Internal edges of voids are usually coated with fine-grained halite aggregates (Figure 
II.16.a, b, c, f, g) similar to those in Figure II.15. 
 
 
 
Figure II.18: SE2 micrographs of typical grain-boundary microstructures from double broad ion beam 
cross-sectioning at room temperature. (a, b) thick HVH boundary showing open pore tubes up to 10 µm 
thick and narrow HVH boundary with open pore tubes down to about 50 nm thick. (c, d, e) HVH 
boundaries illustrating void inclusions with 3 different types of morphology: (c) Type 1 is intruding only 
in one grain, (d) inclusion of Type 2 has its major part included in one grain with a minor part in the 
second grain and  (e) the inclusion of Type 3 has its half part in one grain and its second part in the 
second grain. (f, g) The void inclusions in HVH boundaries show often curved edges toward the void 
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centre (white arrows). (h, i) Small rounded void inclusions of Type III with grain boundary close or 
below the SEM resolution (≈ 5 nm). H: halite; V: void inclusion. 
 
Samples prepared by twice broad ion beam cross sectioning show similar grain boundary 
microstructures to samples prepared by single broad ion beam cross sectioning, but because of 
the absence of lining pattern and bumps near of grain boundaries, the characterization of the 
grain boundary microstructures is easier (Figure II.18). We observed four types of grain 
boundaries: (1) HVH boundaries with long and large voids > 1 µm thick (Figure II.18.a, b, c), 
(2) HVH boundaries with narrow voids down to about 50 nm thick (Figure II.18.a, b), (3) 
HnVHn boundaries with wavy edges of tens-of-µm-scale wavelength and with voids of few µm 
size (Figure II.18.c, c, e, f, g, h), and (4) HnVHn boundaries with wavy edges of µm-scale 
wavelength and with void in the µm range size (Figure II.18.i). Between HnVHn boundaries, 
HH boundaries have thicknesses less than 50 nm and that are often below the resolution of the 
SEM (< 5nm, Figure II.18.h, i). Void inclusions at HnVHn boundaries have mainly three 
shapes: [Type 1] is when all the inclusion is intruding in only one grain (Figure II.18.c), [Type 
2] is when the major part of the inclusion is including in one grain with minor part intruding in 
the second grain (Figure II.18.d, f, g) and [Type 3] is when the inclusion is half in one grain 
and half in the second grain (Figure II.18.e, h, i). More over, HnVHn boundaries often have a 
concave HnV boundary toward the centre of the void inclusion (Figure II.18.f, g).  
II.2.3.c. 3D grain boundary microstructures as shown on matching pairs of split grain 
boundaries. 
Matching grain boundary surfaces produced by fracturing in ether show the grain boundaries 
in three dimensions. Most grain surfaces exhibit topography reflecting void inclusions (Figure 
II.19). From our observations, at the scale of SEM, these void inclusions can be tubes of 
thicknesses > 1 µm located at grain edges/corners connected by triple junction (Figure II.19.a), 
isolated (Figure II.19.b) or connected (Figure II.19.c, d) void network within  the plane of 
grain boundaries, or isolated rounded inclusions (Figure II.19.d) also located within the plane 
of grain boundaries. As observed in Figure II.18, the void inclusions have three types of 
morphologies: Type I (Figure II.19.d), Type II (Figure II.19.b, c) and Type III (Figure 
II.19..d). 
II.2.3.d. Observation of in-situ brine in grain boundaries using cryo-SEM 
• Brine identification 
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Under SEM and before freeze-drying, the frozen-brine in grain boundaries appears in the same 
gray-scale range as the surrounding halite crystals, making its identification difficult. After 
freeze-drying, brine is clearly identifiable by its typical foam pattern (Figure II.20; Schenk et 
al., 2006; Desbois et al., 2008, 2012a). The freeze-drying changes only the aspect of the frozen 
brine by sublimation of water-phase but not its distribution and does not damage adjacent 
microstructures. Thus, in the following text, the term brine will be also used instead of term 
freeze-dried-brine. 
• Distribution of brine at grain boundaries and microstructures 
In contrast to observations from the ion beam cross sectioning experiments at room 
temperature (Figures II.14-18), grain boundaries prepared by cryo-SEM technique never 
exhibit aggregates of euhedral or/and elongated halite single crystals covering the internal 
edges of pore space, “bumps” at grain boundary edges, grain boundary lining and massive and 
small rounded halite in the grain boundary. 
Grain boundaries can be classified into two main classes: (1) thick grain boundaries (> 1µm, 
HBH, Figure II.20.a, b) and (2) very thin grain boundaries (down to 50 nm thick, i.e. close to 
the cryo-SEM resolution). Thickest grain boundaries (up to few µm thick) are filled with brine 
film and can contain gas inclusions (Figure II.20.g). Triple junctions show microstructures 
with the brine located at the edges of dihedral angles and gas inclusion approximately in the 
centre (Figure II.20.a, b, h). However, small triple junctions can be fully filled with brine 
(Figure II.18.f). Leftover grain-grain contact surfaces exhibit isolated aligned pore network 
(Figure II.18.c, d). These pores are elongated along the direction of their alignment and have a 
size about 2 µm in length. At higher magnification, isolated pores show evidence for brine fill 
and/or an anhydrite inclusion (Figure II.20.d). Only a few isolated pores appear empty, but it is 
not clear if these pores were really empty or if sublimated brine is present on the other or 
matching surface. When grain-grain contacts are not broken loose (Figure II.20.e, f, g), pores 
are clearly filled with brine forming a HBH boundary closed by HH boundaries typically less 
than 50 nm thick. HBH boundaries have morphologies similar to type I, II and III, as found for 
samples prepared by dry broad ion beam cutting or fractured in ether. Because of the 
roughness of broken surfaces used in cryo-experiments, verification of the presence of brine at 
HH boundaries of thickness below 100nm is tricky. When the geometry of broken surface is 
suitable, close observations at these HH boundaries contacts show a fine dendritic brine 
network in the interface connecting brine-filled pores (Figure II.21). The thinnest resolved 
brine film is about 50 nm thick. 
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Figure II.19: SE2 micrographs of matching pairs of ether-fractured grain surfaces at room 
temperature. (a) Pore tubes at grain corners connected by triple junction. (b, c)  Grain surfaces 
revealing void inclusions of type II either isolated (b) or connected (c). (d) Grain boundary surfaces of a 
same grain exhibit connected void inclusions of type I on one crystal face and isolated void inclusions of 
type III on a second face. 
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Figure II.20: SE2 micrographs of typical brine distribution in freeze-fractured samples at cryogenic 
temperature (≈ - 150°C). Sublimated frozen brine is identifiable by its characteristic foam aspect. (a, b) 
overviews of large and thick fluid-filled grain boundaries (HBH boundaries) and large triple junction 
with gas inclusions and brine at corners. (c, d) Leftover grain-grain contact surfaces exhibit an array of 
isolated aligned pores, mostly brine-filled. In (d), one pore is filled with a single anhydrite crystal. (e, f) 
HBH boundaries with brine-filled voids of Type I (e) and Type III (f). In (f), a triple junction fully filled 
with brine is visible. (g) Typical thick grain boundaries are filled with brine film and possibly gas 
inclusions. Grain boundary with isolated brine-filled pores can have stepped or wavy morphology 
(HfBHf  or HnBHnboundaries, respectively). (h) In multiple grains junctions, the brine is typically 
located at edges of dihedral angles with gas inclusion approximately in the centre. H: halite; B: brine; 
n: non-faceted/curved; f: faceted/straight. 
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Figure II.21: SE2 micrographs of typical brine distribution in freeze-fractured sample at cryogenic 
temperature (≈ - 150°C) showing a typical thinnest detectable HBH boundary (≈ 50 nm). (a) Overview 
of the narrow grain boundary. (b) Detail of (a). The evidence of brine is given by the presence of 
remaining sublimated brine network within the narrow HBH boundary. In regards to the magnification 
used, the same boundary of interest appears as a HH boundary in (a) and as a HBH boundary in (b). H: 
halite; B: brine. 
 
 
 
 
Figure II.22: Deformation experiments performed on sample 9.3. (a) Schematic drawing of sample and 
deformation experiment. Cube-shaped samples (≈ 12.5 x 12.5 x 12.5 mm3) oriented with the mylonitic 
foliation at 45 degrees to the loading direction were deformed in uniaxial loading system with loading 
stresses around 0.6 MPa for deformation time from 70 hours up to 2 weeks and for temperature of 35°C 
to simulate the small deviatoric stress condition. (b) Experimental deformation curves. For σ-T 
conditions of experiment, samples deform at strain rate in the range of 7.43x10-10 s-1 and 1x10-9 s-1 when 
measurable, which is almost up to one order of magnitude below the expected strain rate (3.9x10-9 s-1, in 
dashed line) calculated from theory for grain size of 250 µm (Spiers and Carter, 1998) and pure halite. 
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II.2.3.e. Preliminary experiments of deformation on natural samples 
The preliminary deformation experiments (Figure II.22.b) on the natural mylonitic samples 
(Figure II.12.b) from Qom Kuh were conducted at the conditions of the natural salt fountain 
(temperature 35 °C and loading stress slightly below 0.6 MPa). Our three experiments have 
slightly different approaches for brine saturation of samples (see .2.2.b) but all agree on slow 
strain rates. Measured strain rates vary from 7.4x10-10 s-1 to 1.1x10-9 s-1 for two samples; 
whereas the third sample, deformed at slightly less stress than the other two, showed no 
measurable strain rate within the accuracy of our sensor. Occasional small temperature 
fluctuations (<0.5 °C) within the closed box of the experimental set-up, related to changes in 
air temperature in the lab, did not result in any systematic effect on straining. The measured 
strain rate is 4 to 6 times slower than that of the strain rate predicted on the basis of the 
experimentally calibrated flow law of Spiers and Carter (1998) for pure halite of a grain size of 
250 µm, at a stress of 0.6 MPa and T=35 °C. Of course, differences in character between the 
pure halite used in the experiments of Spiers and Carter (1998) and our mylonitic (i.e 
anisotropic) material from Qom Kuh do not allow a fully quantitative comparison, but they 
provide a first order indication of the expected creep rates.  
II.2.4. Discussion 
II.2.4.a. Evidence for brine at grain boundaries 
The evidence for fluids at grain boundaries is clearly demonstrated by the cryo-SEM method, 
which allows imaging in situ frozen brine (Schenk et al. 2006; Desbois et al., 2008, 2012a). 
Investigations at room temperature give also indirect evidence for fluids at grain boundaries. 
The irregular surface lining grain boundaries after single broad ion beam polish, the small 
rounded and massive halite patches, “bumps” detected at direct vicinity of grain boundaries 
and sub-euhedral/elongated halite single crystals covering the internal walls of grain boundary 
pores are microstructures only observed in broad ion beam cross sections performed at room 
temperature. 
During broad ion beam cross sectioning, fluids in pores and grain boundaries are opened in 
vacuum. Therefore, grain boundary lining pattern and “bumps” at grain boundaries surface are 
interpreted as efflorescence driven by capillary transport of accessible brine emerging and 
precipitating in the region of grain boundaries (Schenk and Urai, 2004; Desbois et al., 2008). 
This interpretation is in good agreement with the fact that grain boundary lining tends to be 
larger near fluid inclusions (Figure II.14). Small rounded and massive halite in H(h)H 
boundaries are also interpreted as a form of efflorescence. Because halite (h) appears slightly 
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above the level of the broad ion beam cross-section (Figures II.16.c, d and II.17.b), it is clear 
that “bumps” and halite (h) in H(h)H boundaries developed after the broad ion beam cross 
sectioning. Because halite (h) does not exhibit an euhedral shape, they may be interpreted as 
newly nucleated grains where growth driven by static annealing (Mohamed and Bacroix, 
2000) was only expected for elevated temperatures (Franssen, 1993; Piazolo et al., 2006) or 
large differential stress (Schenk and Urai, 2004). Therefore, nucleation or grain growth 
processes are not expected to occur in samples from salt glacier considering the conditions 
occurring in extrusive salt (< 50°C, shear stress <1 MPa in salt glacier; Schlèder and Urai, 
2007; and < 5 MPa for the domal salt; Desbois et al., 2010). Microstructural evidence of 
efflorescence is removed when samples are cut the second time by broad ion beam (Figure 
II.18). 
In contrast, sub-euhedral/elongated halite single crystals covering the internal edges of open 
pores (Figure II.15) argue for fluid-filled pores (Roedder, 1984) and are interpreted to result 
from local large gradients of pressure (at the moment that the fluid inclusions are cut by broad 
ion beam) causing rapid crystal growth with sub-euhedral and elongated shape (Mullin, 1961). 
It is also apparent from the absence of efflorescence after the second broad ion beam cut (fluid 
inclusions are present on the whole grain boundary and thus a few micrometer below the broad 
ion beam cut surface) that the grain boundary fluid inclusions are sufficiently tight to not leak 
in the high vacuum of the broad ion beam chamber or the SEM.  
II.2.4.b. Microstructures and brine distribution at grain boundaries 
From microstructural observations, grain boundaries appear thicker in dried samples prepared 
by single broad ion beam cross section than by other methods. Single broad ion beam cross-
sectioned samples never show grain boundaries of few 10 nm in thickness. We attribute this 
difference to the efflorescence, which can disturb the interpretation of grain boundaries when 
observations are performed at room temperature. Particularly, SEM-top-view of grain 
boundaries with “bumps” at edges (Figure II.16.c, d) trends to overestimate the thickness. 
Therefore, the observations based either on twice broad ion beam cross-sectioned (Figure 
II.18) or wet samples (Figures II.21 and II.22) are more reliable to infer the thickness of grain 
boundaries.  
HH boundaries (down to 5 nm thick at the scale of the SEM) are interpreted as healed contacts 
interrupted by small fluid inclusions (Figures II.16, II.18 and II.20). Numerous contributions 
refer to experimental (Urai, 1983; Zubtsov et al., 2004; Schmatz et al., 2010; Desbois et al., 
2012a) as well as theoretical (Visser, 1999; Ghossoub and Leroy, 2001; Van Noort et al., 
2008) contact healing mechanism: when grain boundary movement is stopped or stress 
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decreased, surface energy related forces drive the system to its equilibrium conditions. This 
behavior results in growth of islands (HH boundary) and hence in the healing of boundaries by 
internal redistribution of fluid and solid at the contact region, creating fluids inclusions (Figure 
II.20). Concave HnV boundaries (Figures II.18 and II.20), preferentially observed for the 
largest fluid inclusions, are interpreted to be the intermediate state of channel shrinkage 
towards equilibrium state of energy surface. Small rounded fluid inclusions (HBH) of type III 
separated by HH boundaries with thickness below the resolution of SEM (< 5nm, Figure 
II.18.i) are interpreted to illustrate a grain boundary at equilibrium state. Such a development 
towards equilibrium conditions is also reported from crack-healing processes (e.g. Lemmlein, 
1956; Brantley et al., 1990). Visser (1999), for fine-grained aggregates in the presence of 
sodium nitrate saturated solution, interpreted that only the surface energy drives the system to 
its equilibrium conditions. Secondary phases (anhydrite and talc) detected in grain boundaries 
(Figure II.17) are closely embedded within grain boundaries (Figures II.16.f, g, and II.20.d), 
probably during grain-boundary healing process.  
From our observations at cryo temperatures, gas inclusions embedded in brine are quite 
common in grain boundaries and they are preferentially located at the centre of triple 
junctions. Because the efflorescence pattern outlines all grain boundaries at the scale of 
observation (Figures II.14.b and II.16.g), brine is interpreted to be present in all types of grain 
boundaries. From our observations at cryo temperatures (Figures II.20 and II.21), brine at 
HBH boundaries occurs clearly either (1) as thick films (> 1 µm thick) corresponding to cross-
sectioned tubes as in Figures II.18 a, b and II.19.a; (2) partly or fully wetting the big pores 
located at multiple grains junctions as in Figures II.16.a, f, g and II.20.a, f, h; and (3) as 
isolated fluids inclusions at narrow grains contacts shown in Figures II.18.a, c-i, II.19 and 
II.20.c-e, g. Some close observations give evidence that very fine freeze-dried brine network is 
present at grains contacts in the range of 50 nm thick (Figure II.21). However, due to freeze-
dried process, the original distribution of brine cannot be inferred since, at this scale, the 
morphology of the observed remnant freeze-dried brine can reflect either thin fluid film or 
filled-fluid tubes separated by solid-solid contacts. For grain contacts of thickness < 50 nm 
(HH boundaries interpreted as contact healing), the detection of brine as thin fluid film 
requires more work because: (1) in left-over grain surfaces (Figure II.20.c, d), we do not have 
evidence of the presence of such brine between isolated fluid-filled pores and (2) in HH 
boundaries (Figure II.20.e), if thin fluid film is present, it is below the resolution of the SEM 
(i.e. < 20nm).  
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II.2.4.c. Effectiveness of grain boundary healing at the conditions of the salt fountain   
Experiments on synthetic polycrystalline salt samples show that during static recrystallization 
(Desbois et al., 2012a) and post-kinematic annealing (Schmatz, 2010, Desbois et al., 2012b), 
grain-boundary healing leads to immobile grain boundaries and rearrangement of fluid into 
isolated fluid inclusions. Our samples show ample evidence of healed grain boundaries but 
also fluid films (Figures II.16-20), indicating that the state of the grain boundaries in nature 
(Qom Kuh) after salt glacier movement is complex and can vary over short distances. The 
coexistence of healed grain-boundaries with fluid films suggests that the redistribution of 
grain-boundary fluid during healing can locally also increase the fluid's connectivity. For 
example, in Schenk and Urai (2004), grain-boundary healing (indicated by the cessation of 
grain growth) went together with efflorescence. This relationship suggests that the grain-
boundary healing may help form a connected network of tubes at triple junctions. 
These results can be compared with the results of our deformation experiments. Our 
observations indicate that the samples used for the deformation experiments from Sample 9.3 
contained sufficient brine to enable pressure-solution creep. However, the samples were found 
not to deform at rates expected for pressure-solution creep. We measured strain rates of 
7.4x10-10 s-1 to 1.1x10-9 s-1, are smaller than the expected strain rates calculated from flow laws 
for pressure-solution creep for a grain size of 250 µm (Spiers and Carter, 1998). We interpret 
the slower strain rates to show the inhibition of pressure solution. Secondary solid phases at 
the grain boundary (Figure II.17) of the natural rock salt also appear to not have significantly 
enhanced the strain rate in our samples. This behaviour contrasts to previous studies, that have 
shown that secondary phases may significantly enhance pressure-solution creep by increasing 
diffusion or inhibiting of contact healing (halite-Na-montmonrillonite system, Hickman and 
Evans, 1995; quartz-mica system, Rutter and Wanten, 2000; halite-clay system, Renard et al., 
2001; halite-calcite system, Zubtsov et al., 2004; and anhydrite-halite system, Price, 1982). 
However, the secondary phases in our samples are isolated. 
Van Noort et al. (2008) proposed a model providing a “yield stress” criterion for pressure 
solution, below which the process is prevented by surface energy driven grain-boundary 
healing and above which pressure solution is active: 
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where α is the total island area fraction of grain boundary occupied by solid island contact (α 
> 0.5 as suggested in Figure II.20.c, d), E is the halite young’s modulus (38.98 GPa in the 
range of 20 - 40 °C), Υsl is the solid/liquid interface energy (slightly anisotropic at 30°C: 0.125 
J/m2 for (100), 0.270 J/m2 for (110) and 0.320 J/m2 or 0.470 J/m2 for (111) depending the 
surface termination Cl- or Na+, respectively. In respect to activation of pressure solution and 
equation II.1, the most favourable interface energy is for (100); Bruno et al., 2009), r is the 
radius of curvature at the margin where from our present observation r is in the range of 10 µm 
to 1 mm (Schenk, 2006), θ is the dihedral angle at the contact margin (0° in wetted grain 
boundary; Van Noort et al., 2008) and θ is the dihedral angle at the contact margin and 
equilibrium (about 70°; Holness and Lewis, 1997). In Figure II.23, contact stress and radius of 
curvature are also reported for conditions relevant for storage  (σ < 10 Pa corresponding to 
body forces in the sample and perhaps residual stresses), for our deformation experiments (σ ≈ 
0.6 MPa) and for the natural setting (σ < 0.4 MPa; Schlèder and Urai, 2007). With respect to 
contact stress and curvature (Figure II.23), the samples in storage, experimental deformation 
and natural conditions all plot in the field for grain-boundary healing, suggesting that samples 
loaded in this study should heal the grain boundaries and cannot deform by pressure-solution 
after grain-boundary healing. Of course, the annealing of pressure-solution features by grain-
boundary healing is also controlled by the kinetics of healing but experimental studies have 
shown that under favourable conditions grain-boundary healing can be very fast (Schenk and 
Urai, 2004; De Meer et al., 2005; Beaupretre et al., 2010; Desbois et al., 2012a) and occur in 
time spans of tens of minutes.  
We note that the condition for activation of pressure-solution in experimentally deformed 
samples is reached at extreme upper right point corresponding to the greatest estimated radius 
of curvature (Figure II.23). Yet, this possibility is not longer considered because the radius of 
curvature equal to 1 mm is slightly overestimated and that α parameter used to plot the van 
Noort criterion (α = 0.5) is underestimated (Figure II.20.c, d). Moreover, this point on the plot 
represents an unstable equilibrium condition (van Noort et al., 2008), which cannot explain 
fully activated pressure-solution.  
Therefore, the microstructural record of the samples from the field and the slow strain rate data 
of our deformation experiments both point to effectively healed grain boundaries, consistent 
with the theoretical healing criterion for non-hydrostatic conditions of Van Noort et al. (2008) 
applied to the conditions of salt glaciers. This interpretation suggests that pressure solution 
creep is not activated at the stress conditions occurring in the salt fountain. 
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Urai et al. (1986b) point to enhancement of solution transfer creep by the reactivation of 
healed grain boundaries, which is also in agreement with the healing criterion of van Noort et 
al. (1998; Figure II.23). In Urai et al. (1986b), naturally deformed rock salt samples from the 
Asse mine (Germany), observed at laboratory conditions, exhibit grain boundaries with 
isolated fluid-filled pore array interpreted as healed grain boundaries. When these samples are 
deformed under non-dilatant conditions (σ = σ1 – σ3 = 10 MPa and grain size in the range of 
1-5 mm), the authors measured the increase of strain rate compatible with pressure-solution 
mechanism interpreted to occur as a result of a change in grain-boundary morphology (Figure 
II.23). Post mortem SEM observations after one month and one year indicate evolution of 
grain boundaries morphologies from continuous thin fluid film (indicated by the number 2 in 
Figure II.23) to isolated fluid-filled pore array after the samples were unloaded (indicated by 
the number 1 in Figure II.23). In this experiment, the sample gave the possibility to reactivate 
the healed grain boundaries because the load applied was great enough to exceed the yield 
stress (Van Noort et al., 2008).  
 
 
 
Figure II.23: Grain-boundary healing criterion: contact stress vs. radius of curvature h (from criterion 
established by van Noort et al., 2008). Contact stresses and radius operating at conditions of 
deformation experiment (red), salt fountain (deep blue) and laboratory (green) are reported. It is 
that samples at laboratory, deformation and salt fountain conditions are in the field of contact healing. 
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See text for parameters used to draw the grain-boundary healing criterion (black line). The experiment 
from Urai et al. (1986b) is also reported in this plot to illustrate that increasing contact stress shifts 
deformation mode from grain-boundary healing to pressure solution and modification of grain 
boundaries (indicated by numbers 1 and 2, in circle). In this experiment, Urai et al. (1986) deformed 
natural salt samples from the Asse mine (Germany) in non-dilatant condition (P=10 MPa) whose grain 
boundary present initially isolated fluid-filled pore array interpreted as healed grain boundaries, 
indicated by the number 1 in circle. In second, post-mortem SEM observations after one month and one 
year indicate evolution of grain boundaries morphologies from continuous thin fluid film (indicated by 
the number 2 in circle) to isolated fluid-filled pore array (Indicated by the number 1 in circle). 
II.2.4.d. Implications for salt glacier flow dynamics  
Microstructural studies on gamma-irradiated natural fine-grained halite samples from a salt 
fountain (Schleder, 2006; Schleder and Urai, 2007; Desbois et al., 2010), give evidence for 
both active dislocation creep and pressure solution creep during the deformation of the salt 
fountain. Our current results contradicts this interpretation because we infer the dominance of 
grain-boundary healing in the mylonitic samples from the salt fountain based both on the slow 
measured strain rates from the deformation experiments and microstructural observations (see 
section II.2.4.b).  
Hypothetical thin fluid films in the HH boundaries, less than 50 nm thick (i.e. below the cryo-
SEM resolution), may help the activation of pression-dissolution. However, several arguments 
argue for dry contact of such HH boundaries: (1) the results of our deformation experiments do 
not indicate pressure solution creep, (2) the grain-boundary healing process is not expected to 
produce fluid films, and (3) we do not see efflorescence in boundaries containing healed fluid 
inclusions. 
Therefore, if our samples are representative for the whole salt fountain, our results cannot 
explain the observed active deformation. One explanation is that in parts of the salt glacier, the 
grain boundaries are healed and the salt is hardened because pressure solution is inhibited, 
which would be the "skin" of the salt glacier. 
It is difficult to explain this paradox, but it is obvious that healed grain boundaries need to be 
reactivated to allow our samples to deform by pressure solution creep. Possible explanatory 
scenarios are: (a) an increase in contact stress may allow reactivation of pressure solution 
(Ghossoub and Leroy, 2001; Van Noort et al., 2008). (b) Rain water may cause an increase in 
island stress by marginal dissolution of healing contacts producing the cyclic deformation of 
salt fountain (Talbot and Rogers, 1980). During rainy periods, the fountain will deform at 
relatively fast strain rates by dominant pressure solution. Whereas during dry seasons, the 
glacier flows much more slowly because the grain-boundary healing prevents pressure solution 
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and favors dominant dislocation creep. This interpretation is in agreement with microstructural 
investigations of gamma-irradiated samples (Desbois et al., 2010), which show that water can 
penetrate along the grain boundaries and fractures as well as radar measurement (Jackson, 
1985; Aftabi et al., 2010), which indicate increased of salt glacier flow after rainy periods. (c) 
Grain-boundary cracking due to high thermal gradient (Olgaard and Fitz Gerald, 1993) may 
also be a process responsible for the redistribution of fluids in grain boundaries. Cracking of 
rock salt aggregates from a source layer was recently interpreted to enable redistribution and 
additional influx of brine along grain-boundary network that allowed progressive pressure 
solution creep of the whole rock salt aggregate (Zavada et al., 2012). Scenario (a) seems 
unlikely since little evidence exist that occasional stress “jumps” exist in the study area. 
Scenarios (b) and (c) are hampered by the difficulty of rainwater aided by grain boundary 
cracking to penetrate the entire mass of the glacier (about 200 meter high) because of kinetics 
of salt saturation of fresh rainwater and thermal diffusion. Another (unlikely) explanation of 
our findings is that the salt glacier is constantly deforming by competing dislocation creep and 
pressure solution creep, and the observed healed grain-boundary microstructures result of 
static evolution of the microstructures after samples collection. More extensive and directed 
sampling, together with deformation experiments and microstructural investigation are 
required to fully resolve this.  
II.2.5. Conclusions 
A combination of different methods to investigate grain-boundary microstructures and related 
fluids provides a detailed characterization of the structure of grain boundaries in naturally 
deformed salt glacier halite. Both natural microstructures and the results from deformation 
experiments point to grain-boundary healing, which is supported by theoretical consideration 
of a healing criterion. Therefore, a paradox exists with respect to the previous microstructural 
studies, which indicate that both active dislocation creep and pressure solution creep dominate 
during the deformation of salt fountains. At present, it is difficult to present an unambiguous 
explanation for this paradox, but it is obvious that healed grain-boundary need to be 
reactivated to allow the salt glacier to deform by pressure solution, and that (re)-activation of 
pressure solution creep is intimately linked to the evolution of fluid distribution at grain 
boundaries.  
In salt glacier, we suggest that the process of healing and reactivation of grain boundaries lead 
to heterogeneous distribution of deformation mechanisms and strain rates in both space and 
time. In the context of waste disposal in salt dome, such a transition of grain-boundary 
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morphology would be dramatic. The reactivation of grain boundaries will involve a significant 
softening of the rock salt, even at small differential stress, driven by pressure-solution. 
This paper re-emphasizes that fluid distribution in rock salts is the key characteristics for 
understanding in detail the interplay between various deformation mechanisms. We are 
starting to understand the stability criterion, but we also need to understand the dynamics of 
transition. 
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Abstract 
The structure of brine films in grain boundaries of Halite has been the subject of much 
controversy over the past twenty years; although a number of innovative methods have 
been developed to study these structures, much is still unknown and fundamental 
information is missing. In this study, we investigated different methods of plunge-
freezing to vitrify the brine fill of grain boundaries for natural salt polycrystal. This was 
followed by a preliminary study of the 3D morphology of a vitrified grain boundary in a 
natural rock salt sample with a Focused Ion Beam (FIB) excavation system.  We have 
shown brine-filled grain boundaries in rock salt can be efficiently well-frozen when 
dimensions are less than about 1 mm. Coupled with an ion beam tool; cryo-SEM allows 
3D observation of the well-frozen grain boundaries in large volumes and high resolution. 
First results of brine-filled natural Halite grain boundaries show non-faceted crystal-brine 
interfaces and unexpectedly low dihedral angles at room temperature and pressure. 
II.3.1. Introduction 
The transport and mechanical properties of rock salt (polycrystalline NaCl) are of importance 
to the geological evolution of sedimentary basins, and many applications such as subsurface 
storage of oil, gas and radioactive waste.  Water can greatly increase the mobility of grain 
boundaries in evaporite minerals so that dynamic re-crystallization and solution-precipitation 
processes can become rapid, even at room temperature (Drury and Urai, 1990; Peach et al., 
2001; Spiers et al., 1990; Urai et al., 1986a,b; Watanabe and Peach, 2002). This is caused by 
the presence of brine in the grain boundaries. The structure of this brine film has been the 
subject of much controversy over the past twenty years (Den Brok et al., 2002; Urai et al., 
1986a; Urai and Spiers 2007). Although a number of innovative methods have been developed 
to study these structures, such as infra-red spectroscopy (De Meer et al., 2005), interference 
microscopy (Lohkämper et al., 2003), deformation experiments in transmitted light (Schenk 
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and Urai, 2004), electron backscattered diffraction (Pennock et al., 2006) and cryogenic SEM 
(Schenk et al., 2006), much is still unknown and fundamental information is missing.  
One of the recent developments to study wet grain boundaries is with high resolution 
cryogenic SEM after stabilization of the water phase in the grain boundaries at cryo-
temperatures. Cryo-SEM is widely used in Life Sciences (Echlin, 1978; Erlandsen et al., 1997; 
Fauchadour et al., 1999; Frederik and Sommerdijk, 2005; Marko et al., 2007; Sargent,1988; 
Walther and Muller, 1999) but applications in Geosciences are as yet limited to studies of fluid 
inclusions and wettability (Barnes et al., 2003; Chenu et al., 1995 ; Durand and Rosenberg, 
1998; Fassi-Fihri et al., 1992; Kovalevych et al., 2005; Kovalevych et al., 2006; Mann et al., 
1994; Negre et al., 2004;  Robin et al., 1995; Schenk et al., 2006; Shepherd et al., 1998; Tritlla 
and Cardellach, 1997; Vizika et al., 1998). 
One of the critical issues of cryo-SEM (Karlsson, 2002) is to ensure that plunge-freezing 
vitrifies the pore fluids to avoid the formation of ice crystals which tend to damage the 
microstructure. 
In geosciences studies to date this issue has not yet received much attention. If the plunge-
freezing is not efficient enough, the brine contained in pores may crystallize or become 
segregated in two distinct phases (ice crystals and hydrohalite; Schenk et al., 2006).  
In this study, we investigated different methods of plunge-freezing (liquid nitrogen, slushy 
nitrogen and slushy ethane) to find the best cryo-coolant to well-freeze the brine fill of grain 
boundaries for polycrystalline natural salt. This was followed by a preliminary study of the 3D 
morphology of a well-frozen grain boundary in a natural rock salt sample with a Focused Ion 
Beam (FIB) excavation system and observation of the frozen fluid at high resolution. 
II.3.2. Materials and methods 
II.3.2.a. Samples and experimental procedure 
We used three different kinds of samples. 1 mm thick copper rivets with a drop of saturated 
brine (called “standards” in what follows), thin films of brine sandwiched between plates of 
NaCl crystals, and thin slabs of natural polycrystalline salt.  
The synthetic “salt sandwiches” were made from two 0.5 mm thick plates of NaCl single 
crystal clamped together with a drop of saturated brine in between, prepared at least 3 weeks 
before the cryo-SEM experiments and stored in a container with saturated brine. The rivets 
with brine and the salt sandwiches were easy to prepare and were used to compare the 
efficiency of different plunge-freezing procedures for brine vitrification. 
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The natural sample is a salt mylonite from the Qum Kuh salt glacier in Iran (Schleder 2007 
PhD Thesis). The sample of 5 x 5 x 1 mm was gently cut with a 0.3 mm diamond saw with 
Hexane as lubricant and kept in a container with saturated NaCl solution until the cryo-SEM 
experiments. 
 
 
 
Figure II.24: Schematic drawing of the cryo-sample-preparation procedure from the sample mounting 
stage to the SEM imaging. 
 
For the three kinds of samples, the basic procedure of preparation and imaging is the same 
(Figure II.24): (i) the sample is plunged in a bath of cryo-coolant with the help of the clamp for 
the “salt sandwiches” and with tweezers for the salt sandwiches and the natural salt 
polycrystals, and stirred in the cryo-coolant to improve the cooling rate. (ii) Within the bath of 
cryo-coolant, the samples are fixed on the pre-cooled sample holder and freeze-fractured with 
a cold-knife. (iii) The sample are then SEM-imaged at cryo-temperatures, with ion milling if 
required. The transfer from the bath of cryo-coolant to the cryo-preparation chamber and from 
the cryo-preparation chamber to the SEM-chamber is performed by a cryo-shuttle under 
vacuum. 
Three kinds of cryo-coolant have been investigated: liquid nitrogen, slushy nitrogen and slushy 
ethane. For nitrogen and ethane, the boiling and melting temperature are respectively: T°BN2 = 
-195.8°C,  T°MN2 = -210°C, and T°BE = -88.6°C and T°ME = -182.2°C. This provides a range of 
cryo-coolants including liquid and slushy phases with different boiling and melting 
temperatures, and different gaps between TM and TB.  
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For 3D sectioning of the samples, we used a Focused Ion Beam (FIB) to cut and remove thin 
slices in the SEM chamber to image the fresh surface, in “slice and view” imaging mode. 
Initially the top surface of the sample is sputter coated with Pt but the freshly cut surfaces are 
not coated. Before the “slice and view” imaging, we prepared the area of interest by milling 
“channels” around this area to allow removal of the milling waste (see Figure II.30.c). 
II.3.2.b. Analytical techniques and instruments used 
The first cryo-SEM experiments have been performed at NMI (Reutlingen, Germany), using a 
Zeiss cryo-SEM (1540XB CrossBeam) with a high resolution GEMINI field emission column 
operating at very low acceleration voltage with a thermally assisted Schottky field emission 
gun that yields a very low energy spread, and a Canion FIB (Focused Ion Beam) from a 
Gallium Metal Ion Source installed at an angle of 54° to the electron beam. The instrument 
also has an EDX system (Brucker AXS X-flash 4010, silicon drift detector (SDD)). Transport 
and preparation of the samples are done using a Bal-Tec system, which allows keeping the 
samples under cryogenic conditions at each stage of the procedure, in a sample shuttle (VCT 
100) which can be attached via a vacuum gate to the freezing bath, a cryo sputter coater 
(SCD500) and the microscope.  
The investigation of different methods of plunge-freezing and the “slice and view” imaging of 
a wet grain boundary were carried out in the Department of Earth Sciences of Utrecht 
University (Netherlands). The cryo-SEM available here is a Nova Nanolab 200 Small Dual 
Beam system from FEI, with FIB and EDX (Oxford Instrument, INCA) facilities. The 
specifications of these features are comparable to the facilities available in NMI-Reutlingen; 
but the cryo-transport and the cryo-preparation of the samples was done in a  Quoron PP200T 
cryo station. This system provides facilities to import pre-frozen samples in the cryo-
preparation chamber which provides flexibility to use different plunge-freezing methods and 
the cryo-preparation chamber includes a sputter coater facility and a cold knife which is useful 
for the preparation of clean fractures.  
II.3.3. Results 
II.3.3.a. Vitrification of the grain boundary 
One of the critical aims of this study was to validate a method to well-freeze thin brine films 
between grains of NaCl. If the plunge-freezing is not efficient enough, the brine contained in 
grain boundaries is crystallized and segregated in two distinct phases (ice crystals and 
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hydrohalite; Schenk et al., 2006). This makes high resolution study of grain boundary 
microstructures difficult. 
 
 
 
Figure II.25: SEM photos (SE and BSE modes) of the standard samples after plunge-freezing either in 
liquid nitrogen, slushy nitrogen or slushy ethane, showing the different stage of vitrification as a 
function of the cryo-coolant. The samples are not coated. 
• Standards 
Results of these experiments are summarized in Figure II.25. For each method of plunge-
freezing, a photo at low magnification shows the fractured surface of the frozen drop of brine 
in the rivet, and a high magnification image presents the detail of the frozen brine in BSE 
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mode which enables the identification of the solid phases at constant cryo temperarure (-
150°C).  
In liquid nitrogen, the frozen brine contains ice crystals surrounded by the eutectic phase 
which is evidence of phase segregation during plunge-freezing. In slushy nitrogen, the frozen 
brine exhibits a phase with absence of visible segregation close to the external rim (40-50µm) 
and a dendritic organized structure in the centre. This structure is different from the eutectic 
phase formed in liquid nitrogen, and is interpreted as incipient phase segregation during 
plunge-freezing. In slushy ethane, the BSE image does not show organized structures through 
the whole brine drop. We interpret this as evidence that the brine filling the rivet was well-
frozen during the plunge-freezing. We prefer here to use the term “well-frozen” than vitrified 
because the vitrification (stricto sensu) can only be verified by TEM microscopy. In summary, 
the order of the grain boundary vitrification efficiency for the three investigated plunge-
freezing methods is:  liquid nitrogen < slushy nitrogen < slushy ethane. 
 
 
 
Figure II.26: SEM photos (SE and BSE modes) of the synthetic “salt sandwich” samples after plunge-
freezing either in slushy nitrogen or slushy ethane. It is clear that the brine film between the crystals is 
well-frozen in both coolants. The samples are not coated. The hackles on the sample surface are formed 
during cutting with the cold knife. 
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Figure II.27: SEM photos (SE and BSE modes) of a grain boundary in a natural polycrystalline salt 
sample plunge-frozen in slushy nitrogen (NaCl is the phase on the left, frozen brine on the right). Here, 
it is unclear if segregation of phases occurred. The sample is non-coated. 
• Synthetic salt sandwiches 
Based on the results shown above we abandoned the liquid nitrogen coolant because of it’s 
low efficiency, and investigated ten synthetic “salt sandwiches” samples and with two methods 
of plunge-freezing (slushy nitrogen and slushy ethane). 
For both coolants, the samples show similar morphologies. Figure II.26 shows typical results 
for the two methods after freeze-fracturing.  At larger scale, the frozen brine film between the 
crystals indicates a homogeneously solidified material in both cases. At higher magnification, 
in BSE the segregation patterns are absent, indicating fully well-frozen grain boundaries.  
 
 
 
 
Figure II.28: SEM photos of the grain boundary of a “salt sandwich” sample after freeze-drying from -
150°C to –90°C for 60 min. Before the freeze-drying stage, the frozen grain boundary was initially well-
frozen. The sample is non-coated. 
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• Natural polycrystalline halite 
We also performed one test with a natural polycrystalline salt plunge-frozen in slushy nitrogen 
and freeze-fractured (Figure II.27). This sample suggests a well-frozen grain boundary but 
some of the images could also be interpreted as showing segregation structures. In BSE there 
are clear contrasts between domains in the frozen fluid phase, however this geometry does not 
resemble the segregation patterns observed in the standard experiment (Figure II.25) as formed 
by well-defined ice crystals surrounding by the eutectic phase. Because to get contrast in BSE 
there must some chemical or density difference, this geometry could also be due to two fluids.  
 
 
 
Figure II.29: SEM pictures (SE mode) of grain boundaries in a natural polycrystalline salt sample 
under dry conditions. (a) efflorescence at grain boundary, (b) a grain boundary with a complicated 
island-channel(?) structure (c) pores localized along the grain boundary, (d) wavy efflorescence 
structures along a grain boundary, (e)triple junction and pores located along the grain boundary, and 
(f) triple junction showing grain boundary grooving. The sample is Pt coated. 
CHAPTER II: Microstructural studies in salt rocks 
Dr. Guillaume Desbois – Habilitation Thesis, 2014 143 
• Freeze-drying 
We have also performed a freeze-drying experiment (Figure II.28) where a grain boundary 
initially well-frozen in slushy nitrogen was heated from –150°C to –90°C for 60 minutes. This 
sample has undergone dramatic changes showing a frozen brine surface very similar to the one 
described by Schenk et al. (2006), with a dense pattern of holes and 100 nm-size cavities. 
However, we did not find evidence that these changes caused damage to the surrounding in the 
form of cracks or fractures.  
II.3.3.b. Application: Investigation of wet grain boundaries in natural rock salt 
We present now some initial results of a study of grain boundaries from a rock salt mylonite 
sample from the Qum Kuh salt glacier (Iran). A detailed description of these samples in 
outcrop and thin section, using various techniques is presented by Schleder (2007). 
 
 
 
Figure II.30: SEM photos (BSE mode) of a triple junction located in a natural polycrystalline salt 
sample. (a) Overview at larger scale, (b) the  overview at smaller scale reveals the cleavage planes 
which indicate the different crystallographic orientation of the three adjacent grains, (c) the dashed line 
show the location of the channels milled to drain the milling waste during the excavation. The sample is 
Pt coated. 
• SEM-investigation of dry natural polycrystalline salt samples 
We have first studied our samples “dry” in a conventional SEM to compare observations with 
the cryo-SEM results. Before SEM imaging, the samples were gently broken, dried in air and 
coated with Pt sputtering. 
Observation of grain boundaries in fractured and dried polycrystalline salt samples, can 
provide information on the grain boundary structure after removal of the fluid and 
precipitation of an unknown amount of NaCl (Schenk and Urai, 2004; Urai, 1985; Urai et al., 
1986, Urai et al., 1987).  
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Figure II.29 shows SEM images obtained from the salt glacier samples. Figures II.29.a, b give 
the typical indirect evidence of the presence of fluid in the grain boundaries, such as 
efflorescence structures similar to those reported by Schenk and Urai (2004), formed by 
evaporation in combination with capillary forces and a mobile and connected fluid, and grain 
surface which likely formed by solution-crystallization processes in a brine-filled grain 
boundary. 
Interpreting the efflorescence process along the lines of argument of Schenk and Urai (2004) 
allows study of some aspects of the grain boundaries in detail, and indicate a rich assembly of 
grain boundary structures in these samples: fluid and gas inclusion arrays, grain boundaries 
containing thin fluid films, and large grain boundary pores with complex morphologies 
(Figures II.29.c-f).  However, there are two major problems with this method: first, at the nm-
scale it is not possible to meaningfully interpret the structure of grain boundaries containing 
thin films or perhaps island-channel structures, because  even a very small amount of NaCl 
precipitation will change this structure in an unpredictable way, and secondly it is very 
difficult to know what the other (removed) half of a grain boundary looks like (cf. Olgaard and 
FitzGerald (1993) for a detailed discussion) and wether it contained a fluid or a gas phase at 
this location. Therefore, the possibility to quench the fluid-filled boundaries and study them in 
3D is a major step forward in this field. 
• 3D investigation of a wet triple junction under cryo-SEM and FIB milling 
In a thin slab of the same sample as studied dry, we investigated the 3D structure of a halite 
grain boundary (Figure II.30) under cryogenic conditions. Our area of interest was a triple 
junction surrounded by three grains with different crystallographic orientation in the plane of 
observation. The freeze-fracture morphology shows the {001} cleavage planes which allow 
estimation of the crystallographic orientation of the surrounding grains (Figure II.30.b). The 
mis-orientations of all three surrounding grains are large, and all three boundaries are high 
angle grain boundaries.  
We performed 54 “slice and view” steps of this volume with a thickness of each slice of 
around 500 nm. In Figure II.31, we show a BSE image corresponding to every third slice, i.e. 
with a spacing of 1.5 µm. In Figure II.32, the last slice is shown to give an overview of the 
morphology of the volume surrounding the slices. All the cross-sections are non-coated. 
The images (Figures II.31 and II.32) of the uncoated plunge-frozen grain boundaries show 
features similar to those described above: areas which are homogeneous and exhibit no visible 
segregation with holes in the frozen brine grain boundaries which appear black on the BSE 
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images, or become bright due to electron charging. Some of these structures appear correlated 
from slice to slice. We interpret these images to indicate a well-frozen grain boundary system. 
The charging effect is probably due to a too long dwell time of the electron beam during 
imaging; this effect could be avoided in the future by fine tuning the beam conditions of the 
“slice and view” procedure. 
 
 
 
Figure II.31: SEM images (BSE mode) of progressive slices of brine-filled high angle grain boundaries 
in a polycrystalline glacier salt sample. The grain boundary was well-frozen by plunge-freezing in 
slushy nitrogen. The cross-sections are not coated. 
CHAPTER II: Microstructural studies in salt rocks 
Dr. Guillaume Desbois – Habilitation Thesis, 2014 146 
Figure II.31 shows clearly that the brine is not only located in the triple junction tubes but also 
in an interconnected network of fluid films. The thickness of this fluid film slowly varies along 
the grain boundary.  In Figure II.31.a, (dashed arrow), the grain boundary contains a thin fluid 
film of a few nm which progressively dilates until in Figure II.31.r it has a thickness of a few 
µm. Another interesting feature (black arrow (Figure II.31.k) is the lobate morphology of the 
grain surface, whereas on the other side of the grain boundary the crystal-brine boundary is 
flat; these lobe structures were also observed in the sample studied dry.  The third region of 
interest (black circle Figure II.24.r) is a “healed” grain boundary (it may contain a fluid film 
thinner than 100 nm, the resolution in these images). The value of the dihedral angle is around 
30°, in contradiction with the dihedral angle given by Holness and Lewis (1997) for these 
conditions (σ < 1MPa; 20 °C < T < 40 °C). Along this “healed boundary”, there are some 
small cracks which may have been initiated during plunge-freezing by differences in thermal 
expansion between the surrounding crystals, by the freeze-fracturing, or by volume changes 
during no-visible-segregation.  
 
 
 
Figure II.32: SEM photo (BSE mode) of grain boundaries located at a triple junction in a natural 
polycrystalline rock salt sample. This image shows the area surrounding the last photo of the series 
presented in the Figure II.31 (i.e. Figure II.31.r). Arrows and circle show areas of interest: see text for 
details. The imaged surfaces are not coated. 
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II.3.4. Discussion 
II.3.4.a. The best cryo-coolant for wet salt samples 
Numerical simulations of the cooling of our samples indicate that the centre of a salt sandwich 
reaches the temperature of slushy ethane in about 0.01 s, giving a cooling rate of 
approximately 20,000 K/s. This is faster than the values quoted by Moor (1971) as required to 
vitrify water in biological specimens. Keeping in mind that the brines in our samples have a 
high concentration of dissolved NaCl and it is not known how this affects vitrification 
efficiency, it seems reasonable to expect that the brine in our samples is well-frozen.   
Our experiments performed with the synthetic “salt sandwiches” plunge-frozen in slushy 
nitrogen and slushy ethane (Figure II.26) show clearly that the brine filling the grain boundary 
has been well-frozen. On the other hand, the experiments performed with the standards give 
evidence that crystalline phases segregated during the plunge-freezing in slushy nitrogen. The 
experiment performed with a natural polycrystalline salt (Figures II.31 and II.32) plunge-
frozen in slushy nitrogen also well-frozen the grain boundary but in another sample there is 
suggestion that the brine filling the grain boundary is not fully well-frozen (Figure II.27). This 
means that slushy nitrogen may produce variable extents of vitrification of the brine although 
the thicknesses of the investigated samples are the same in each experiment.  
These discrepancies can be explained by the proximity of nitrogen’s boiling and melting 
temperatures (T°BN2 = -195.8°C and T°MN2 = -210°C). Because of this proximity, it is easy to 
exceed the boiling point of the nitrogen just with a slight change of heat energy. There is only 
limited control of the amount of heat we import into the slushy nitrogen when the sample and 
eventually the sample holder are plunged in the bath of slushy nitrogen. If the amount of heat 
energy is enough to exceed the nitrogen boiling temperature, the Leidenfrost effect 
(Fauchadour et al., 1999) occurs:  the nitrogen boils in the neighbourhood of the sample during 
the early phase of the plunge-freezing. This covers the sample with a fine vapour layer, which 
thermally insulates the sample. 
The use of slushy nitrogen therefore may produce variable results. Thus, for an optimal control 
of the freezing of the brine in the grain boundaries in rock salt (around 1 mm thick and less), it 
is better to use the slushy ethane which offers almost the same range of cryo-temperature as 
the liquid and slushy nitrogen but for which the Leidenfrost effect is minimal because the 
difference of its boiling and melting temperatures (T°BE = -88.6°C and T°ME = -182.2°C). 
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II.3.4.b. Freeze-drying, cooling and phase segregation 
Schenk et al. (2006) showed the potential of the use of cryo-SEM for the study of wet halite 
salt samples but did not systematically study the structure of the frozen brine in the grain 
boundaries. They interpreted the structures on the freeze-fractured brine surfaces as 
“segregation pattern” in reference to the segregation of phases (hydrohalite + ice) in brine 
which occurs during a freezing (Bodnar, 1993; Roedder 1984). We obtained very similar 
structures in initially well-frozen brine surfaces after a stage of freeze-drying stage.  
These results are consistent, considering that Schenk et al. (2006) used a different procedure of 
sample preparation after the plunge-freezing. The samples can be sometimes covered by a 
condensate deposit from water vapour in the cryo-coolant bath. Schenk et al. (2006) have 
systematically freeze-dried their samples in order to remove the condensate. We interpret the 
surface pattern observed by Schenk et al. (2006) in frozen grain boundaries to have formed 
after the segregation of phases, not during too slow plunge-freezing but after freeze-drying of 
an initially well-frozen grain boundary to clean the sample surface.  
Based on our observations so far, damage to the samples, during plunge-freezing, freeze-
fracturing, or during segregation are minor, although more work is required to fully understand 
these effects. 
II.3.4.c. Interpretation of grain boundary microstructures in wet polycrystalline salt samples  
Investigations on dried natural polycrystalline salt samples provide indirect observations of 
fluid morphology in grain boundaries pores (Urai et al., 1986).  Using cryo-SEM approach, it 
is possible to study fluid geometry in-situ, avoiding artefacts due to efflorescence and drainage 
of the fluid. Sectioning the sample with an ion beam after plunge-freezing has been shown to 
provide superior images at high resolution, in addition to a 3D view. 
In 3D, large parts of the grain boundary contain a fluid film of variable thickness, with 
structures ranging from no visible fluid film at the resolution of the “slice and view” technique 
to a fluid-filled film several microns thick. This fluid distribution is comparable to some of the 
structures reported  by Schenk and Urai (2005) in wet, artificial fine grained polycrystalline 
compacted at high total stress (but presumably at low effective pressure), where significant 
open porosity can exist (cf. Schoenherr et al., 2007;  Schleder et al., 2008). This type of fluid 
distribution is expected to be much less common in domal salt samples, although very little 
data is available at present. 
In the sample studied in Figure II.31 and II.46 the Halite surfaces in contact with the brine are 
clearly curved, and do not contain crystallographic facets which might be expected for Halite 
which has been in contact with a saturated brine for a long time. There are several possible 
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explanations for this. First, the facets may have been “rounded” during the (metadynamic) 
recrystallisation during natural deformation in the salt glacier or after sampling and storage of 
the sample. Secondly, the sampled part of the salt glacier may have been very slowly 
dissolving at the time of sampling, after rainfall some time ago (Talbot and Rogers, 1980). It is 
unlikely that these structures are due to damage to the sample during storage after cutting or 
the cryo-SEM procedure, because they are also observed in the samples which were fractured 
and dried (Fig. 6f). Similar lobate structures on grain surfaces have been described in naturally 
deformed carnallite (Urai, 1987) where they were interpreted to be growth structures 
associated with diffusive mass transfer processes, and in experiments, where the “grain 
boundary groove” structures observed by den Brok et al., (2002) were related to stress in the 
samples. The cusps along the halite brine interface could also be related to the intersection of 
subgrain boundaries with the film fluid. 
Following Holness and Lewis (1997) (Schoenherr et al., 2007), the dihedral angle θ is the 
main controlling parameter for the distribution of grain boundary fluid in equilibrium. In the 
case of θ > 60° the grain boundaries are fluid-free and consist of solid-solid contacts, whereas 
for θ < 60° the fluids form an interconnected network of grain boundary triple junction tubes. 
In Figures II.31 and II.32 and in the region surrounded by the black circle, the dihedral angle 
(θ) is around 30° which is much lower than the values proposed by Holness and Lewis (1997) 
for the PT conditions of our samples. In addition, it is not clear if a true triple point exists in 
this location, of whether the fluid progressively thins into a nm-scale film, perhaps also 
influenced by the anisotropy of surface energy of Halite (Jessell et al., 2007; Moment and 
Gordon, 1964) 
II.3.4.d. Implications for further studies 
The main results of this paper are the validation of the technique of freezing with absence of 
visible segregation and ion-beam cutting of brine-filled grain boundaries in natural 
polycrystalline salt samples with a diameter of 1 mm, and some interesting observations on the 
3D structure of the wet grain boundaries. The technique is promising for a wide range of 
studies of single- or multiphase grain boundaries which are above their melting point in-situ, 
such as low-permeability reservoir rocks and claystones in which the details of the 
morphology of the pore space phase distribution are poorly known (Hildenbrand et al., 2006). 
In the case of rock salt, water-assisted grain boundary processes have a major effect on the 
mechanical and transport processes under a wide range of conditions (Urai and Spiers., 2007), 
and this study provides the basis for a wide range of systematic studies of the morphology of 
grain boundary fluids. First, there are a wide range of natural rock salt tectonites with 
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correspondingly diverse grain boundary structure, and secondly, it should be possible to 
quench miniature deformation cells containing grain boundary structures, under stress, and use 
the same cryo-SEM technique to study grain boundaries undergoing active deformation. This 
could give an important contribution to the study of the structure of dynamically stable brine 
films in grain boundaries in Halite (Urai et al., 1986a).  Moreover, because most cryo-SEM 
machines are combined with a micro-chemical analysis tools (EDX), the identification of 
second phase impurities, and the measurement of impurity concentrations in the fluid-filled 
grain boundaries are possible.  
II.3.5. Conclusions 
Samples of rock salt containing brine-filled grain boundaries can be efficiently well-frozen 
when dimensions are less than about 1 mm. 
Coupled with an ion beam tool dedicated for material excavation, cryo-SEM allows 3D “slice 
and view” observation of the vitrified grain boundaries in large volumes and high resolution. 
First results of brine-filled natural Halite grain boundaries show a number of unexpected 
structures such as non-faceted crystal-brine interfaces and low dihedral angles at room 
temperature and pressure, calling for further study. 
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II.4. Distribution of brine in grain boundaries during static 
recrystallization in wet, synthetic halite: insight from Broad Ion Beam 
sectioning and SEM observation at cryogenic temperature 
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Sandor R. (2012). Distribution of brine in grain boundaries during static recrystallization in 
wet, synthetic halite: insight from Broad Ion Beam sectioning and SEM observation at 
cryogenic temperature. Contribution to Mineralogy and Petrology, 163(1): 19-31. 
 
Abstract 
We report observations from room temperature static recrystallization experiments 
(annealing times from minutes to year) of cold -pressed, synthetic, coarse grained, wet 
Sodium Chloride, prepared by Broad Ion Beam polishing and SEM observations at 
cryogenic temperature to observe directly the brine in grain boundaries.  
At all stages of annealing, the majority of the brine in the samples is connected in 2D 
sections along grain boundaries. Another part of the brine is in isolated brine inclusion 
arrays along grain boundaries, and in brine inclusions left behind by migrating brine filled 
grain boundaries. Most of these boundaries are mobile because the aggregate is 
coarsening. We interpret that the boundaries without observable brine films (<15 nm) and 
brine inclusion arrays are healed and immobile. Evolution of grain boundary structure 
involves three major processes. First, dissolution on one side of the grain boundary and 
precipitation on the other side, resulting in grain boundary migration. Second, the 
development of facets formed by low-index crystallographic planes of the grains 
bounding the grain boundary brine. When both sides of a grain boundary are able to 
develop low-index facets in a thick brine film, the resulting impingement boundary is 
interpreted to be immobile and may prevent the new grain from migrating into a 
deformed neighbour. When one side of a faceted boundary consists of low-index 
crystallographic planes and the other side passively follows this faceted shape along 
irrational surfaces, the boundary is mobile. Third, the healing of grain boundary brine 
films, producing solid-solid grain boundaries without resolvable brine films.  
II.4.1. Introduction 
The presence of brine in halite strongly affects its mechanical and transport properties (Urai et 
al., 2008). Solution transfer creep and dynamic recrystallization are dramatically enhanced by 
the presence of brine at grain boundary, with major changes in rheology. In addition, rocksalt 
forms seals for hydrocarbon accumulations, aquitards and chemical barriers. Therefore, a 
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detailed knowledge of grain boundary microstructures in wet halite is fundamental for 
modelling and prediction of deformation and transport in a wide range of geological 
environments (Hudec and Jackson, 2007; Schoenherr et al. 2007; Desbois et al., 2010) as well 
as for the storage of gas, anthropogenic carbon dioxide and radioactive waste (Pincus 1985; 
Staudtmeister and Rokahr, 1997; Langer, 2003; Berest et al., 2010) in deep geologic 
formations. 
In evaporite minerals, the structure of mobile brine-filled grain boundaries and their influence 
on recrystallization processes were intensively investigated in theoretical and experimental 
studies (Urai et al., 1986b; Brantley et al., 1990; Drury and Urai, 1990; Hickmann and Evans, 
1991,1995; Gratier, 1993; Heidung and Leroy, 1994; Lehner, 1995; Holness and Lewis, 1997; 
Spiers and Schutjens, 1999; Visser, 1999; Ghossoub and Leroy, 2001; De Meer et al., 2002, 
2005; Den Brok et al., 2002; Watanabe and Peach, 2002; Lohkämper et al., 2003; Renard et 
al., 2004; Schenk and Urai, 2004, 2005; Van Noort et al., 2006, 2008). 
However, interpretation of results from these studies is still a matter of debate because of the 
difficulty to observe the morphology of in-situ wet grain boundaries at a resolution of 
nanometres (De Meer et al., 2005; Desbois et al, 2008). One recently explored method is to 
rapidly freeze the samples to very low temperatures, which effectively quenches the brine-
filled grain boundaries without crystallization of the brine, followed by high resolution 
electron microscopy at cryostatic temperatures (Schenk et al., 2006; Holzer et al., 2007, 2010; 
Desbois et al., 2008, 2009;). Cryo-SEM can be combined with a Focussed Ion Beam (FIB) 
milling to prepare smooth, damage free surfaces (Holzer et al., 2007, 2010; Desbois et al., 
2008, 2009; Holzer and Cantoni, 2010). Commercial FIB tools in SEM are based on Gallium 
ion sources (1pA - >50nA) to produce typical cross-sections of a few µm2; with serial 
sectioning for the investigation of microstructures in 3D (Holzer et al., 2007, 2010; Desbois et 
al., 2008; De Winter et al., 2009). Broad Ion Beam (BIB; up to few mA, Argon source) cross 
sectioners are commercially available as stand-alone machines, to produce polished cross-
sections at room temperature of much larger area than the FIB. Because the BIB source is not 
focused, a shielding plate is placed on the top surface of the sample in order to create a flat 
cross-section. BIB has two main advantages: (1) it is potentially less damaging since it is based 
on noble gas source and (2) it is able to produce polished surfaces up to few mm2, about 
hundred times bigger than those produced by FIB. This last feature is of particular interest for 
geomaterials since it fits better to the typical length scale range of microstructures and 
representative elementary area. 
Schenk and Urai (2004), studied wet, coarse-grained (200-355 µm), compacted samples of 
synthetic sodium chloride which undergo recrystallization and grain growth at room 
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temperature to produce large (up to 300 µm) strain-free grains growing into deformed old 
grains. The new grains are frequently euhedral with mobile grain boundaries moving at time-
averaged velocities up to 6nm/s. Arguments in favour of the existence of brine-enriched zones 
on grain boundaries were: (1) the efflorescence from such boundaries upon drying, (2) 
euhedral shape of the growing grains, and (3) the high migration rates. However, details of the 
brine distribution and its influence on grain boundary migration were only partly resolved, 
because brine was removed during sample preparation. In a later study, Schenk et al. (2006) 
studied brine-filled grain boundaries in similar coarse-grained samples by cryo-SEM on 
freeze-fractured surfaces. They found evidence for brine at the boundaries of the primary 
recrystallizing grains indicating the existence of brine films with a thickness between a few 
µm and 30 nm. In this last study, the observation of brine-filled grain boundaries was difficult 
because of the surface roughness induced by fracturing the sample during preparation. The 
process of brine-assisted grain boundary migration was interpreted to occur simultaneously 
with surface energy driven grain boundary healing which dramatically reduces grain boundary 
mobility (Hickmann and Evans, 1991; Lehner, 1995; Visser, 1999; Ghossoub and Leroy, 2001; 
Schenk and Urai, 2004, 2005; Schlèder and Urai, 2005; Van Noort et al., 2008). 
This contribution reports of experiments which were identical to Schenk and Urai (2004) and 
Schenk et al. (2006) to study the distribution of brine in moving grain boundaries during static 
recrystalization in synthetic, coarse grained wet sodium chloride, annealed at room 
temperature over periods between a few minutes and one year. Here, we used a novel and 
unique BIB-cryo-SEM instrument combining in situ broad ion beam (BIB) cross-sectioning 
and state-of-the-art SEM cryo-SEM to study brine into grain boundary .  
II.4.2. The BIB-cryo-SEM instrument 
The BIB-cryo-SEM instrument used in this contribution combines a state-of-the-art field 
emission SEM for high resolution imaging(SE and BSE detectors, EDX system), with an 
Argon Broad Ion Beam excavation system and a cryogenic workstation (shock-freezing stage, 
cryo-preparation chamber with cold knife and coating system). A detailed description of all 
facilities included in this instrument as installed at RWTH Aachen University (Germany) is 
given in Appendix II.A. 
After freezing the samples and inserting into the cryo-SEM,  (Figure II.33), the shielding plate 
is positioned onto the sample surface in the region of interest by nanomotor positioning. The 
BIB is placed at 70° from the electron beam. In condition of milling, the BIB, with beam 
diameter around 800µm in size, irradiates both the region of interest in the sample and the 
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edge of the mask designed with a slope of 20°. One half of the BIB is masked by the shielding 
plate, and the part of the beam, which is not masked, excavates the sample producing a cross-
section. After milling, the cross-section is suitable for SEM investigations. 
 
 
 
 
Figure II.33: Principle of in-situ BIB milling into the SEM. The original wet sample is first vitrified in 
slushy nitrogen using the cryo-unit and then transferred inside the SEM by the cryo-preparation 
chamber. Once the sample is placed on the SEM sample stage, a titanium blade is positioned over the 
region of interest using a 3 axis Cartesian nanomotor. The Argon ion beam irradiates both the region of 
interest in the sample and the edge of the mask designed with a slope of 20°. Beneath the edge of blade, 
the density of ions is maximal and the split-beam is parallel to the blade edge. This configuration allows 
creating a vertical 2D cross-section directly beneath the titanium blade suitable for imaging 
microstructures at SEM resolution (e- beam). 
II.4.3. Samples and sample preparation 
Samples are compacted synthetic polycrystals from commercial halite powder (NaCl content > 
99.9%) prepared as in Schenk and Urai (2004). After treating for 30 seconds in an ultrasonic 
bath, the initial salt- brine mixture (grain size in the range of 200 - 355µm) was poured into the 
cylindrical die of a uniaxial compaction apparatus. Subsequently, the pressure on the upper 
piston was raised to 150 MPa in a few minutes, and maintained for 5 minutes. Resulting 
samples are dense cylindrical disks with a diameter of 1 cm and a height of 1 – 1.5 mm. 
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Produced samples were then annealed (from about 20 min. to more than 1 year, see Table II.2) 
in salt-brine-saturated-atmosphere in order to allow static recrystallization of samples (Schenk 
and Urai, 2004).  
BIB-cryo-SEM experiments were performed on 15 different samples (Table II.2) following the 
same procedure of sample preparation and imaging: (a) the in-situ wet sample is mounted on 
the appropriate sample holder at room temperature; (b) plunged-frozen in slushy nitrogen, 
stirring to minimize the Leidenfrost effect (Desbois et al., 2008); (c) via the cryo- shuttle 
operating at cryogenic temperatures and vacuum conditions, the sample is transferred from the 
slushy nitrogen container to the cryo- preparation chamber; (d) the surface of sample is coated 
with platinum (15 A, 50sec.) at cryo- temperature and (e) transfer from the cryo-preparation 
chamber to the SEM sample stage maintained at cryo- temperature via the same cryo shuttle 
previously mentioned; (f) the cross-section is then cut at cryo- temperature, on 
frozen/stabilized samples using the BIB gun for 3 hours at 8 kV acceleration voltage; (g) when 
cross-section is complete, SEM imaging is typically performed at 3 kV for a working distance 
of around 16 mm and aperture of 30 µm, on non-coated cross-section. 
 
 
 
 
Table II.2: List of samples investigated in this contribution 
 
 
 
18 min.
15 min.
1hr., 54 min.
1hr., 56 min.
2 days, 2 hr., 7 min.
1day, 23hr., 46min.
5 days, 22 hr., 30 min.
6 days, 23 hr., 6min.
14 days, 19 hr., 10 min.
14 days, 15 min.
1
The annealing was carried out at room temperature
24 days, 19 hr., 20 min.
1 year 3 200 -355 !m 1 year - 1 year, 2 months 
200 -355 !m
200 -355 !m
2
2 1 month
2 weeks
1 week
2 days
2hrs
20 min. 2
2
2
2
Sample Number of samples annealing time
1Starting grain size (!m)
200 -355 !m
200 -355 !m
200 -355 !m
200 -355 !m
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To reveal the crystal orientation patterns, the EBSD analysis (Electron Back Scattered 
Diffraction) on JEOL JSM 7000F SEM (Gemeinschaftslabor fuer Elektronenmikroskopie, 
RWTH Aachen) with EDAX-TSL DigiView III detector, equipped with OIM Data 
Collection/OIM Analysis (version 5.2) software was employed. The patterns were acquired at 
acceleration voltage of 25kV, probe current ~15nA and working distance 29mm. Several 
regions of interest from BIB section of a sample annealed for 4 days were scanned in an area 
of about 30 µm x 60 µm at a magnification of 750x with and step size of 0.25 microns. 
Because EBSD tool is not available in BIB-cryo-SEM machine, EBSD analysis were 
performed on sample dried at 80°C for 3 days. 
II.4.4. Results 
II.4.4.a. Cross-section overviews and surface quality 
Figure II.34 presents typical cross-sections obtained at 8 and 10 kV (BIB acceleration voltage) 
under cryogenic conditions. All samples were cut in a plane, which contains the direction of 
compression. Resulting cross-sections have a pseudo-Gaussian shape reflecting the ion density 
distribution in the beam split by the shielding plate, and the typical high relief in the areas 
being removed. For NaCl, milling rates of about 350 µm/hr at 10 kV, 150 µm/hr at 8 kV and 
60 µm/hr at 6 kV are typical values. 
 
 
 
 
Figure II.34: Overview of typical cross-sections produced by in-situ BIB milling (120 min) into the 
SEM at cryo-temperature at acceleration voltage of 8 kV (a) and 10 kV (b). Cross-sections have a 
typical pseudo-Gaussian shape reflecting the ion density in the beam. High relief areas correspond to 
material regions being removed. 
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The quality of cross-sections is reproducible. At the scale of “overview” (Figure II.34), cross-
sections appear flat; at higher magnifications (Figures II.36, II.37, II.39 and Appendix II.B), 
surfaces show curtaining parallel to the beam direction with a regular wavelength in the range 
of 1-2 µm and a topography in the range of few nanometers. In flat sections of the "curtains", 
microstructures down to 15 nm are resolved. 
In previous contributions dealing with cryo-SEM on wet rock salt (Schenk et al., 2006; 
Desbois et al., 2008), in-situ brines were sublimated to help with detection of brine 
distribution. This technique is also called freeze-drying. Freeze-dried brine has a characteristic 
foam-like morphology (Schenk et al., 2006; Desbois et al., 2008), which can be used to 
decorate and thus detect brine. In this contribution, brine also develops a foam texture (Figures 
II.36, II.37, II.39 and Appendix II.B). 
 
 
 
Figure II.35: Interface nomenclature. The HBH boundary, is a interface with resolvable brine between 
two halite grains, and HH boundary is a boundary between two halite grains, with no visible structure, 
both at the scale of observation. In case of HBH boundary, The shape of the boundaries can be faceted 
(straight, indicated by subscript f) or non-faceted (curved, subscript n). 
II.4.4.b. Interface nomenclature 
To facilitate the description of grain boundaries, we propose to introduce the following 
nomenclature (Figure II.35). The HH boundary is a boundary between two halite grains, with 
no visible structure at the scale of observation. This means that at low magnification, 
boundaries, which can be shown to contain a brine film, are called HH. The HBH boundary, 
where there is resolvable brine between two halite grains, at the scale of observation. The H-B 
boundary is the contact between halite and brine. Therefore a brine-filled boundary consists of 
two HB boundaries (HB  BH  = HBH) 
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The shape of the boundaries can be faceted (straight, indicated by subscript f) or non-faceted 
(curved, subscript n). Again, this is defined at the relevant scale of observation. 
Thus, a boundary with resolvable brine, which is faceted on one side and curved on the other 
side of the brine film, is called a HfBHn boundary. The same structure at much lower 
magnification is called a HH boundary (Figure II.36). 
 
 
 
Figure II.36: SE micrographs of different halite-brine interfaces detected in samples. (a) HfBHf (b) 
HnBHn boundary with low wavelength curved HB interfaces. (c) HnBHf (d) HH and HBH boundaries at 
high magnification. Interfaces are described by the following abbreviations: H: halite; B: brine; n: non-
faceted; f: faceted (see also Figure II.35). 
II.4.4.c. Grain microstructures 
At the scale of a few micron, in the whole sample, (Figures II.37.a, b and II.44 in Appendix 
II.B), halite grains up to 0.1 mm in size, with serrated HnBHn boundaries containing up to 1 
µm thick brine films are common. The shape of these grains varies from elongated to equiaxed 
(Figures II.37.a, b and II.44 in Appendix II.B).  
Estimates of the total amount of brine in the samples using our images are in agreement with 
the brine filled porosities measured (~2.5%) by Schenk and Urai (2004). 
Between large grains, there are small euhedral single grains with rounded corners up to 1-2 µm 
in size (core mantle microstructure, Figures II.37.c, d, II.38 and II.45 in Appendix II.B). In 2D 
sections, these crystals are surrounded by brine and sometimes occupy the majority of the zone 
between the boundaries of the large grains (Figures II.38 and II.45 in Appendix II.B). These 
small euhedral grains were absent in samples annealed for more than a few weeks.  
CHAPTER II: Microstructural studies in salt rocks 
Dr. Guillaume Desbois – Habilitation Thesis, 2014 159 
A second class of grains, bounded by facets is defined by a larger grain size (> 2 µm) and 
more complex facet structures (Figures II.37.e, f and II.46 in Appendix II.B). These euhedral 
grains have multiple facets defining morphologies from flat (Figures II.37.e and II.46.a, b, c, e, 
f in Appendix II.B) to round (Figures II.37.f and II.46.a, c, f in Appendix II.B) and step-shaped 
(Figure II.46.d in Appendix II.B).  
 
 
 
Figure II.37: SE micrographs of grain boundaries interfaces taken at different annealing times. (a) and 
(b) depict networks of thick brine films (> 1 µm). (c) and (d) show small euhedral halite grains which 
appear floating in brine-filled grain boundaries identified in Figure II.36. These small new grains are 
frequent for short annealing times. (e) and (f) show halite grains with multiple euhedral edges. These 
grains are slightly bigger than those presented in (c) and (d) and exhibit more complex face structures 
according to the Hartman-Perdok theory for cubic crystals. Interfaces are described by the following 
abbreviations: H: halite; B: brine; n: non-faceted; f: faceted (see also Figure II.35). For additional 
pictures, please check also the Appendix II.B. 
CHAPTER II: Microstructural studies in salt rocks 
Dr. Guillaume Desbois – Habilitation Thesis, 2014 160 
 
 
Figure II.38: SE micrograph of a freeze fractured broken sample annealed for 1 month. This 
micrograph depicts a contact between a big strain-free new euhedral crystal growing towards a old-
deformed grain. Small strain-free euhedral crystals are also present into the grain boundary. 
II.4.4.d. Brine distribution 
At higher magnification (below one micron, Figure II.39), brine-filled grain boundaries show 
strong variations in the morphology of the halite-brine contacts. We observed all possible 
types HfBHn, HfBHf, HnBHn and HH (Figure II.36). Thus, one side of the brine film can have a 
faceted morphology while the other side is wavy. Independently of annealing time, brine filled 
all space between halite grains (there was no evidence for gas inclusions in the brine).  
For all annealing times, continuous brine-filled grain boundaries are frequent, with variable 
thickness from about 15 nm (limit of resolution, see below) to more than 1 µm (Figures II.36, 
II.37, II.39.g and Appendix II.B) over long sections (up to few hundreds micrometers). The 
thickest brine-filled continuous grain boundaries (> 1µm) bound the largest grains with HnB 
contacts (Figures II.37.a, b, II.39.g and II.44 in Appendix II.B) while brine films with 
thicknesses below 1 µm are usually at interfaces involving at least one HfB contact (Figures 
II.37.e, f and II.46 in Appendix II.B). Exceptions are curved HnBHn boundaries with high 
wavelength (Figures II.36.b and II.46.f in Appendix II.B) with typical brine film thickness < 
50 nm.  
Irregular brine pockets between grains are bound by HfB boundaries. The geometry of HfB 
boundary- impingement controls the morphologies and area (up to few µm2) of these irregular 
brine pockets (Figures II.37.e, f and II.46 in Appendix II.B). Adjacent irregular brine pockets 
can be connected by very small brine-filled throats down to 15 nm thick controlled by facets 
developed by the host grains (Figures II.37.e, f and II.46 in Appendix II.B). 
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Figure II.39: SE micrographs of brine-filled isolated brines inclusions (IBI; <500 nm in size) with 
different characteristic morphologies and taken at different annealing times. a. and b. are the 
shaped”  IBI; c. and d. are the “triangle-shaped” IBI; e. and f. are the aligned “quadrangle-shaped” 
These IBI are interpreted to develop during grain boundary healing. All of these IBI are interpreted to 
reflect the end-stage of brine distributions at migrating grain boundary whose different morphologies 
controlled by the relative crystallographic orientation of grains at contact. The intragranular big 
“quadrangle-shaped” IBI (>µm in size) are also identified (e. and g.) and are interpreted as IBI left 
migrating grain boundary. White dashed lines indicate H-H interfaces. Interfaces are described by the 
following abbreviations: H: halite; B: brine; n: non-faceted; f: faceted (see also Figure II.35). 
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In contrast to irregular brine pockets, there are intergranular brines inclusions (IBI, size 
smaller than 500 nm),  in H-H grain boundaries which are not defined by HfB boundaries 
(Figure II.39). These have three main different characteristic morphologies: (i) “elongated-
shaped” IBI have a very high aspect ratio with rounded (Figure II.39.a) or sharp tips (Figure 
II.39.b); (ii) “Triangle-shaped” IBI have also a high aspect ratio (Figure II.39.c, d); and (iii) 
sub-micron arrays of “quadrangle-shaped” IBI (Figure II.39.e, f). Sometimes, a very thin line 
(< 20 nm thick) is resolvable connecting the arrays of IBI (Figure II.39.a-f). Unfortunately, 
since the thickness of this very thin line is in the range of the SEM resolution, it is not clear if 
this is brine-filled. 
In addition to the first three types, there is an additional fourth type: the intragranular 
"quadrangle-shaped” brine inclusion (Figure II.39.g). This last type differs from others 
because they are significantly bigger (> 1µm in size), are not aligned with other similar IBI 
and are never linked to visible “very thin line” as described previously.  
Each of the four different IBI described above is present in all investigated samples 
independently of the annealing time but intragranular "quadrangle-shaped” brine inclusions are 
particularly abundant in samples annealed for year. 
 
 
 
Figure II.40: SE micrographs of surfaces produced by in-situ-SEM BIB cross sectioning at room 
temperature with sample rotating (along axis perpendicular to the ion beam) during milling. This 
hardware improvement allows creating perfect surfaces without curtaining. (a) Grain boundary 
network exhibiting small triple junctions. (b) A grain boundary at euhedral grain edge is filled with 
halite recrystallized by rapid opening of brine-filled pore during BIB cross sectioning under vacuum. 
Surfaces are smooth and flat surface without critical curtaining. 
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II.4.5. Discussion 
II.4.5.a. Quality of milled surfaces 
In his current state, our BIB-cryo-SEM does not produce comparable quality surfaces to those 
of commercial stand-alone BIB cross-sectioners (Desbois et al., 2009; Loucks et al., 2009), 
since cross-sectioned surfaces presented here exhibit curtaining which can mask and distort the 
very small microstructures (<15 nm). The curtaining effect is known to be due to 
heterogeneous milling rate, driven by heterogeneities in the material. In commercial stand-
alone BIB cross-sectioners, this is minimized by rocking the sample during milling along the 
axis perpendicular to the plane to be polished, and milling at different angles. Sample rocking 
during milling at room temperature was recently implemented in our system. Preliminary runs 
produced perfect cross-sectioned surfaces without curtaining (Figure II.40). In the near future, 
sample rocking will be also implemented under cryogenic conditions. However, considering 
the limitations just discussed, many of the relevant grain boundary structures could be resolved 
in the development stage of the machine when sample rocking was not available, either at a 
scale much larger than the characteristic curtain diameter, or at a scale smaller than the 
characteristic curtain diameter. More over, even in its actual state, the BIB-cryo-SEM 
instrument provides a better insight into pores, interfaces and fluid-related microstructures than 
previous experiments performed on similar broken samples (Schenk et al, 2006) since 
produced 2D cross-sections optimize the microstructural interpretations which are difficult to 
reach when the topographies of surfaces are rough (> of few ten micrometers in size for the 
case of broken samples). In addition, and more importantly, the BIB cut avoids the preferential 
exposure of parts of the microstructure when the fracture process develops along the weal parts 
of the sample. So, in Schenk et al. (2006), we saw only those parts of the grain boundary 
network, which could be exposed by fracturing. Besides this, the area size (> few mm2) of 
cross-sections provided by the use of BIB embedded in cryo-SEM machine allows studies in 
representative area. 
Because samples were not freeze-dried during preparation, it is obvious that the BIB locally 
heats the sample during milling since frozen brine exhibits the characteristic foam pattern 
typical of freeze-drying (Schenk et al., 2006; Desbois et al., 2008). Freeze-dried brine during 
FIB milling was also observed in Desbois et al. (2008). In the future, heating of the frozen 
sample during BIB milling will be minimized, by lowering the current density, optimizing the 
distance between the shielding plate, and by cooling the mask. However, in case of wet rock 
salt, freeze-drying of brine is also a useful indicator for in-situ brine (Schenk et al., 2006; 
Desbois et al., 2008). 
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Figure II.41: (a) SEM (BSE) and (b) EBSD micrographs of the same local grain fabric in dried sample 
annealed for 4 days. Micrographs show faceted new crystals with low-index facets (euhedral growth) 
and free of lattice distortion. In contrast, in a.1 and a.2, the grain at right side is lattice distortion-rich 
pointing to old deformed grain. At the scale of observations, the numbers 1, 2 and 3 in circles indicates 
HfiHfr, HnHn and HfBHf interfaces respectively. HfiHfr interfaces reflect the growing of new grains at the 
expense of old deformed grain forming an irrational grain boundary, HnHn interfaces are interpreted as 
healed contact between two new crystals and HfBHf interfaces as euhedral facets growing into fluid-
filled pore space. White cube exhibits show three-dimensinal representation of the crystallography of 
the respective grain showing the dominance of grain boundaries compatible with equivalent {001} 
facets. Interfaces are described by the following abbreviations: H: halite; B: brine; n: non-faceted; f: 
faceted; i: irrational; r: rationnal (see also Figure II.35 and section II.4.5.b). 
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II.4.5.b. Development of euhedral facets 
Along the original grain margins (up to few hundreds micrometers in size), grains with 
multiple HfB facets are present (Figures II.36.a, c, II.37.e, f, II.40 and II.46 in Appendix II.B). 
As discussed in Schenk and Urai (2004), the origin of such faceting is due to the deformation 
of original halite powder in uniaxial compaction apparatus (see section II.4.3), which produced 
gradients of defect density and microcracks favorable to nucleation of strain–free grains with 
HfBHf boundaries (Humphreys and Hatherly, 1996). Such newly nucleated crystals initially 
develop crystal faces because they grow in a brine environment (as described by Hippertt and 
Egydio-Silva [1996] in quartz mylonite). Due to differences in dislocation density, some old 
grains are interpreted to have a slightly higher solubility, providing the material for growth of 
the HfB facets elsewhere. This may explain why some original grains do not exhibit faceting 
(Figures II.36.c, II.37.a, b, II.39.g and II.44 in Appendix II.B). 
Because they are fully surrounded by brine, the small euhedral grains in the core-and mantle 
structures (Figures II.37.c, d, II.38 and II.45 in Appendix II.B) are interpreted to have grown 
epitaxially from very fine grains electro statically stuck on starting material (and thus not 
removed by sieving) or from small grain fragments formed during cataclasis of the starting 
material. 
Euhedral new grains exhibit multiple facets (Figures II.37.e, f and II.46 in Appendix II.B) 
whose structure was shown to correspond to the Hartman–Perdok theory for flat (F) faces 
(Hartman and Perdok, 1955; Urai et al., 1986a, Van Noort et al., 2006, Schenk et al., 2006). 
Considering three periodic bond chains (PBC), 3 different types of face can be identified by F, 
S and K indicating a flat face (parallel to at least two PBC’s), a stepped face (parallel to one 
PBC) and a kinked face (not parallel to any PBC’s), respectively. Our conclusions are in 
agreement with EBSD-based analysis of euhedral crystals in these samples (Figure II.41 and 
e.g. Schenk et al., 2006).  
II.4.5.c. Evolution of brine-filled grain boundaries 
At all stages of annealing, HBH boundaries are systematically brine-filled with no evidence of 
gas inclusions in brine, confirming that samples were brine- saturated throughout the 
experiment.  
The majority of brine is connected in 2D sections along grain boundaries from 15 nm up to 
few micrometers thick (Figures II.36, II.37.a, b and II.44 in Appendix II.B). This is consistent 
with earlier observations in experiments (Schenk et al., 2006), but in current models of 
equilibrated grain boundaries in natural domal salt continuous brine films are much less 
frequent (Spiers et al., 1984; Urai et al., 1986a). Further work is needed to resolve this 
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discrepancy, which is of special importance for problems of nuclear waste storage in domal 
salt, since continuous brine-filled grain boundary networks can decrease dramatically the flow 
stress and sealing performance of rock salt (Littke et al., 2008). Another part of the brine is 
present in irregular brine pockets bounded by facets (Figures II.37.e, f and II.46 in Appendix 
II.B), in intergranular arrays of IBI, and in intragranular "quadrangle-shaped” brine inclusions 
(Figure II.39). 
In our interpretation the formation of HH boundaries (no brine is visible at nm-resolution) is 
intimately linked to the growing of new euhedral crystals (Figures II.36.d, II.37.e, f and II.46 
in Appendix II.B). The development of facets according to the Hartman–Perdok theory closes 
progressively continuous HBH boundaries and irregular brine-filled pockets by the healing of 
the boundaries as described by Urai et al. (1986b), Spiers et al. (1990), Hickmann and Evans 
(1991). The three different types of IBI (elongated-shaped, triangle-shaped and quandrangle-
shaped; <1µm in size; Figure II.39) are interpreted as very late stage of grain boundary 
healing. In majority, these IBI are not connected to each other at the ultimate resolution of the 
SEM (i.e. above 15nm). However, sometimes “thin lines” are present in the queue of these 
inclusions (Figure II.39) interpreted as HH boundaries. At this resolution it is not possible to 
distinguish true solid-solid boundaries from a HBH boundary with a 1 nm thick brine film. 
Intragranular "quandrangle-shaped” brine inclusions (Figure II.39.e, g) are much larger 
(typical few micrometers in size) than the three IBI discussed above, are poorly aligned and no 
H-H boundaries are visible at the immediate vicinity, suggesting that these are leftover brine-
inclusions behind migrating grain boundary. The frequency of these intragranular 
"quandrangle-shaped” brine inclusions is relatively high at long term annealing since samples 
have completed their static recrystallization (Schenk and Urai, 2004; Schmatz et al., 2011). 
As in Fujimara et al. (2009) for growing Si crystals, the variation of IBI morphologies address 
to the control of crystallographic orientations in grain impingement. Following on the 
arguments of Van Noort et al. (2006), the systematics of Hartman–Perdok theory is used to 
interpret that: (i) “elongated-shaped” IBI and Intragranular "quandrangle-shaped” brine 
inclusions originate from the convergence of two F faces; (ii) “quandrangle-shaped” IBI reflect 
the contact of a S or K face with an other S or K face; and (3) “triangle-shaped” IBI 
correspond to the convergence of one F face with one S or K face. Previous contributions 
(Hickmann and Evans, 1991, 1995; De Meer, 2005; Van Noort et al., 2006) based on studies 
of post-mortem roughness of pressure dissolved surfaces (grain to grain indenter deforming 
under pressure-solution) in halite-glass, halite-halite or halite-fluorite contact systems also 
infer the strong influence of crystallographic orientation on the morphology of contacts and 
thickness of brines at grain boundaries.  
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II.4.5.d. Mobility of grain boundaries 
Because the aggregate is coarsening (Schenk and Urai, 2004), most of grain boundaries 
studied in this work are mobile. Unfortunately, at this point it is not possible to directly 
confirm that a given boundary was moving at the moment that it was quenched for BIB-cryo 
sectioning. 
HfBHn boundaries (Figures II.36.c and II.37.f) are interpreted to be migrating boundaries, i.e. 
the growth of new grains at the expense of old grains driven by reduction of dislocation 
density in deformed grains (Figure II.41, Schenk and Urai, 2004; Humphreys and Hatherly, 
1996).  
An Hf boundary is defined in this work as a faceted boundary corresponding to low-index 
facets (i.e. euhedral growth, Figure II.41). Let us now introduce a second subscript (r, i) to 
indicate rational (low index) or irrational facets. Then, there are Hfr and Hfi boundaries. In 
Schenk et al. (2006) and confirmed in Figure II.41, it was shown by EBSD that euhedral new 
grains growing into old grains have a HfrBHfi boundary. 
HnBHn boundaries with high wavelength (Figures II.36.b and II.46.f in Appendix II.B) are 
interpreted to be mobile and migrating by dissolution on one side of the grain boundary and 
precipitation on the other side, probably because the face, which is growing is strongly 
misoriented from F-faces. 
At contrary, intergranular arrays of IBI point to grain boundary healing (Figure II.39). Grain 
boundary healing is assumed to be responsible for HnHn interfaces (If a thin brine film really 
exists, it is less than 15 nm thick, i.e below the resolution of the SEM) and it is interpreted to 
form the end-stage of brine redistribution during static recrystallization and the end of grain 
boundary migration. Therefore, intergranular arrays of IBI with a variety of shapes related to 
the orientation of host grains are considered as immobile. Since the first IBI appear after 
around few ten minutes (Figure II.39.a), under favourable conditions grain boundary healing 
locally can be a very fast process in our experiments (Schenk and Urai, 2004; De Meer et al., 
2005; Beaupretre et al., 2010). 
It is perhaps, surprising to find “thick” (>2 µm) HnBHn boundaries in samples annealed for one 
year (Figures II.37.b and II.39.g). On the other hand, there is no evidence that the few% brine 
present in the samples after compaction was expelled by a sintering-like process during 
annealing, so that the brine must have been redistributed in the samples. Considering that some 
grain boundaries did heal during annealing, the presence of the thick boundaries is interpreted 
to be a necessary part of the annealing process. Even if there was a potential difference across 
these boundaries, these “thick” HnBHn are interpreted to have a very low mobility due to the 
long diffusion path across the thick grain boundary. (Urai et al., 1986b) 
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II.4.5.e. Model for evolution of brine distribution during static recrystallization in coarse-
grained halite 
In what follows, we attempt to compile our results and interpretations (Figure II.42) in a model 
for the evolution of brine distribution in wet sodium chloride aggregates during static 
recrystallization. 
 
 
 
Figure II.42: Model for evolution of brine distribution during coarsening of chloride sodium aggregate 
during static recrystallization. Green spheres point to impingement sites in B.4 (in C.). See details in 
text. 
 
From the initial compaction to the complete recovery of samples, steps are as following: 
1. The initial compaction of polycrystalline salt plugs produced abundant intracrystalline 
defects and micro cracks favorable to nucleation of strain–free grains at these sites, together 
with much smaller grains, which were not removed by sieving. (A. in Figure II.42). Primary 
recrystallization then proceeds in an isotropic stress field of zero effective stress in fully 
saturated samples under static conditions without intracrystalline recovery processes inside the 
deformed grains since annealing was performed at room temperature (Schenk and Urai, 2004). 
There are no external forces to increase the normal stress on brine-filled grain boundaries. 
Euhedral grains grow into deformed grains by brine-assisted grain boundary migration (Figure 
II.41). 
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2. Driven by very small, local differences in brine concentration, some deformed grains are 
interpreted to grow low-index facets (B. in Figure II.42). This "rim" of undeformed, faceted 
halite can locally prevent the migration of a neighbor into this grain but it still needs to be 
checked using EBSD measurement. 
 
3. Therefore, the evolution of microstructure over time involves three main grain boundary 
contacts: (1) contact between two old-deformed grains (Inset B.1 in C. Figure II.42), (2) 
Contact between an old deformed-grain and a grain developing low-index faces (Inset B.2 in 
Figure II.42) and (3) contact involving two grains developing low-index faces (Insets B.4 and 
B.5 in Figure II.42).  
If the grain boundary involves two old deformed grains with thick brine film (HnBHn), the 
grain boundary has a very low mobility. 
If the grain boundary consists of a deformed grain and a new grain with low-index faces,  
(HfrBHfi), and the grain boundary is brine-filled (<50 nm), the new grain grows into the 
deformed grain, driven by reduction of dislocation density, and facilitated by the fact that the 
BHfi side of the faceted boundary is irrational (Insets B.2 and B.3 in Figure II.42; Passchier and 
Trouw, 2005; Schenk and Urai, 2004; Humphreys and Hatherly, 1996).  
If the grain boundary involves two grains developing low-index faces (HfrBHfr), both crystals 
continue to grow until they impinge. Our interpretation is that part of the boundary becomes 
solid-solid (HH) (Insets B.4 and B.5 in Figure II.42).  
 
5. Driven by the incipient of grain boundary healing process, brines at impingement evolve as 
isolated inclusions (C. in Figure II.42): (a) “elongated-shaped” IBI appear at interface of two F 
faces, (b) aligned “quandrangle-shaped” IBI are at contact of a S or K face with an other S or 
K face, and (c) “triangle-shaped” IBI involve one F face with one S or K face. Intragranular 
big “quadrangle-shaped” IBI are leftover brine inclusions behind migrating grain boundary. 
II.4.6. Conclusions 
• BIB-cryo-SEM allows direct in-situ investigations of brine-filled grain boundaries in 
wet halite polycrystals, resolving brine films in grain boundaries down to 15 nm 
thicknesses. 
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• Our observations are consistent with earlier work on brine-assisted grain boundary 
migration in wet halite, and provide new information on the evolution of grain 
boundary structure. 
• Brine-filled grain boundary migration is strongly affected by the development of 
facets. These facets can be rational or irrational, and lead to migration, impingement 
and healing of the grain boundary. 
• Grain boundary healing locally produces boundaries in which our instrument cannot 
resolve brine film. We interpret these to be healed, solid-solid boundaries. 
• Some brine filled grain boundaries remain several micrometers thick over annealing 
periods of over a year. 
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Appendix II.A: 
Detailed description of the BIB-cryo-SEM instrument 
The BIB-cryo-SEM machine presented in Figure II.43 includes all the following facilities: 
 
(1) Cryogenic working station - Polaron PP2000T, Quorum Technologies:   
Cryo preparation technique for Scanning Electron Microscopy (SEM) is essential for the observation of 
wet samples. Using such a technique removes the need for conventional preparation techniques, such as 
critical point drying or freeze-drying, and allows observation of the sample in its "natural" hydrated 
state. The Polaron PP2000T includes a plunge-freezing console, a specimen transfer device, a cryo-
preparation chamber and a cryogenic SEM-sample holder. This combination allows quenching and 
stabilizing the wet microstructures by vitrification (i.e. rapid cooling), transferring and keeping the 
sample at cryogenic condition during the whole experiment, cold-knifing the sample and metal-coating 
(C or Pt) the surface.  
 
(2) Scanning Electron microscope (SEM) – FESEM SUPRATM 55, Carl Zeiss AG:  
The SEM (SUPRATM 55, Zeiss) includes secondary electron (SE2 and Inlens) detectors for topography 
imaging and a back-scattered electron (BSE) detector for density contrast imaging. Combined with the 
cryogenic working station, the SEM is able to operate at cryogenic temperature. 
 
(3) Argon ion beam source, Broad Ion Beam (BIB) – Focussed-high-energy-ion-gun, Technoorg Linda 
®:  
The ion source gun is water-cooled and operates at 2–10 kV with Ar+ ions. Outgoing ions are focused to 
achieve high (>350 µm/h on silicon) thinning rates. The ion source is directly embedded into the SEM 
chamber with the aim to produce in-situ high-quality cross-sectionning of the sample suitable for high 
resolution imaging of microstructures. This device operates under cryogenic conditions as well as under 
room temperature. 
 
(4) XYZ nano-manipulator system, Klocke Nanotechnik:  
Three nano-motors form a Cartesian manipulator (XYZ) with sub 10 nm resolution in order to place 
precisely a shielding Ti-plate over the surface of the sample suitable to produce flat vertical cross-
section since the beam is broad. This allows serial cross-sectioning with slice thickness down to about 
few ten nanometers.  
 
(5) X-ray microanalysis system (EDX), Apollo 10 SDD, EDAX®:  
The Apollo 10 SDD is a LN2 free EDS detector. This EDX system enables micro-chemical analysis in 
order to identify and characterize the different mineralogical phases present in the cross-section 
prepared by the argon ion beam. 
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Figure II.43: Novel and unique BIB-cryo-SEM working station as installed in Geological institute at 
RWTH Aachen University (Germany). The SEM is equipped with SE2, SE-inlens, BSE and EDX 
detectors and mounted on an antivibration platform. The cryo-working station includes a cryo-unit used 
to stabilize wet samples in cryo-coolant and control cryo-temperatures trough the instrument, and a 
cryo-preparation chamber used to coat the sample and transfer the frozen sample inside the SEM under 
vacuum and cryo-temperature. A Broad Ion Beam (BIB) based on an argon source is implemented 
directly into the SEM chamber to produce large high quality cross-sections at cryo temperature. See 
text for more details. 
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Appendix II.B: 
Additional pictures of grain boundaries interfaces 
 
Figures II.44, II.45 and II.46 present additional SE pictures showing thick brine films (> 1 µm), small 
euhedral halite grains in brine-filled grain boundaries and euhedral halite grains with multiple euhedral 
edges at different annealing time, respectively.  
 
 
 
 
Figure II.44: SE micrographs depicting networks of thick brine films (> 1 µm) at all ranges of 
annealing times. Interfaces are described by the following abbreviations: H: halite; B: brine; n: non-
faceted; f: faceted (see also Figure II.35 in the article). 
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Figure II.45: SE micrographs, taken at different annealing times, of small euhedral halite grains, which 
appear floating in brine-filled grain boundaries identified in Figure II.38 from the article. These small 
new grains are frequent for short annealing times. Sometimes, these new grains colonized almost the 
entire free-space of brine-filled grain boundaries (d). 
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Figure II.46: SE micrographs of euhedral halite grains with multiple euhedral edges taken at different 
annealing times. These grains are slightly bigger than those presented in Figure II.39 from the article 
and exhibit more complex face structures according to the Hartman-Perdok theory for cubic crystals. 
Interfaces are described by the following abbreviations: H: halite; B: brine; n: non-faceted; f: faceted 
(see also Figure II.35 in the article). 
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II.5. Argon broad ion beam tomography in a cryogenic scanning 
electron microscope: a novel tool for the investigation of 
representative microstructures in sedimentary rocks containing pore 
fluid 
Published as: Desbois G., Urai J.L., Pérez-W illard F., Radí Z., Van Offern S., Kukla P.A . and 
W ollenberg U. (2013). Argon broad ion beam tomography in a cryogenic scanning electron 
microscope: a novel tool for the investigation of representative microstructures in sedimentary 
rocks containing pore fluid. Journal of Microscopy, 249(3): 215-235. 
 
Abstract 
The contribution describes the implementation of a broad ion beam (BIB) polisher into a 
scanning electron microscope (SEM) functioning at cryogenic temperature (cryo). The 
whole system (BIB-cryo-SEM) provides a first generation of a novel multi-beam electron 
microscope that combines broad ion beam with cryogenic facilities in a conventional 
SEM to produce large, high quality cross-sections (up to 2mm2) at cryogenic temperature 
to be imaged at the state-of-the-art SEM resolution. Cryogenic method allows detecting 
fluids in their natural environment and preserves samples against desiccation and 
dehydration, which may damage natural microstructures. The investigation of 
microstructures in the third dimension is enabled by serial cross-sectioning, providing 
broad ion beam tomography with slices down to 350 nm thick. 
The functionalities of the BIB-cryo-SEM are demonstrated by the investigation of rock 
salts (synthetic coarse-grained sodium chloride synthesized from halite-brine mush cold 
pressed at 150 MPa and 4.5 GPa, and natural rock salt mylonite from a salt glacier at 
Qom Kuh, central Iran). In addition, results from BIB-cryo-SEM on a gas shale and 
Boom Clay are also presented to show that the instrument is suitable for a large range of 
sedimentary rocks. For the first time, pore and grain fabrics of preserved host and 
reservoir rocks can be investigated at nm- scale range over a representative elementary 
area (REA).  
In comparison with the complementary and overlapping performances of the 
BIB-SEM method with FIB-SEM and X-ray tomography methods, the BIB cross-
sectioning enables detailed insights about morphologies of pores at greater 
resolution than X-ray tomography and allows the production of large 
representative surfaces suitable for FIB-SEM investigations of a specific 
representative site within the BIB cross-section. 
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II.5.1. Introduction 
Thanks to their low permeability and self-sealing properties in natural conditions, host and 
reservoir rocks like rock salts, clay stones, shales and tight gas sandstones are of major 
importance for society since they are considered as the probable solution for the nuclear waste 
storage in deep geological formation (ANDRA 1999; De Craen et al., 2002; Hunsche et al., 
2003; Boisson, 2005; Bossart & Thury, 2008; Bräuer et al., 2011); in addition, good 
understanding of their chemical, physical and mechanical properties is essential for reservoir 
development in the oil and gas industry (Pincus, 1985; Staudmeister & Rokahr, 1997; Perry, 
2005; Haines, 2005 ; Holditch, 2006). Bulk mechanical and fluid flow properties of such rocks 
are widely documented and investigated. However much less is known about the impact of 
microstructures on these properties. Indeed, the coupling between the microstructural 
evolution, the poromechanical behaviour and the state of hydration of the system (Fanchi, 
2010) is still elusive but required to establish reliable constitutive laws for the estimation of 
chemical, physical and mechanical properties at long term (in the range from 1,000 to 
1,000,000 years for nuclear-waste disposal applications in underground geological formations, 
for example). Characterization of porosity, interfaces and fabrics is essential because: (1) the 
porosity controls coupled flow, capillary processes, and indirectly the mechanical behaviour 
(Kantorowicz, 1990; Romero, 1999), (2) the nature of interfaces, like grain boundaries, 
influences the active deformation mechanisms (Den Brok et al., 2002) and (3) the material 
fabric (mineralogy, crystallographic orientation, grain size etc.) is related to the rheology of 
materials (Hueckel & Pellegrini, 1996 ; Dautriat et al., 2011).  
 
For host and reservoir sedimentary rocks, relevant typical microstructures (grains, pores and 
fluid inclusions, pore throats, grain boundary) have sizes in the range from sub-nanometers up 
to hundreds of micrometers within representative cross sections and volumes in the range from 
few square and cubic nanometers up to square and cubic millimeters, respectively. Figure II.47 
presents the different microscopy methods, which have been used for microstructural 
investigations in sedimentary rocks with corresponding typical cross-section areas and related 
2D and 3D resolution achieved by each technique, up to date. 3D atom probe (Gordon & 
Joester, 2011), transmission electron microscopy (Moore et al, 2009; Hooshiar et al., 2010) – 
electron tomography (Midgley & Dunin-Borkowski, 2009), scanning electron microscopy 
(SEM) combined with focussed ion beam (FIB) and broad ion beam (BIB) (Desbois et al., 
2008, 2009, 2011, 2012a+b; Loucks et al., 2009; Holzer et al., 2010; Keller et al., 2011; 
Schneider et al., 2011; Houben et al., 2013; Klaver et al., 2012), X-ray tomography (Tono & 
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Ingrain, 2008; Desrues et al., 2010), confocal microscopy (Friedrich, 1999; Menendez et al., 
2001; Petford et al., 2001) and nuclear magnetic resonance (NMR) microscopy (Pape et al., 
2005; Chen et al., 2006) allow investigating microstructures in sedimentary rocks occurring 
from scale of the atom to the scale of a core sample (Figure II.47). However, the resolution of 
each technique being strongly dependent of the volume of investigation, different techniques 
operate at different scales, making it difficult to correlate between length scales. From Figure 
II.47, it is also obvious that none of the techniques is able to achieve resolutions and cross-
section area required to cover all range of interesting microstructures (Mobus & Inkson, 2007; 
Holzer & Cantoni, 2011). 
Another important aspect of microstructural studies in sedimentary rocks cited above is the 
drying of material, which can critically damage clay aggregates (Kang et al., 2003) or produce 
recrystallization artifacts (Desbois et al., 2012a). For X-ray tomography, confocal microscopy 
and NMR microscopy, this is no longer a problem since these techniques do not require dry 
samples and work at atmospheric pressure; but techniques related to high vacuum electron-
microscopy require dry samples. Therefore, cryogenic methods have been applied to SEM 
imaging to first rapidly freeze the samples to very low temperatures, which effectively 
quenches the aqueous phase without crystallization of the fluids, and secondly to allow SEM 
imaging at cryogenic temperatures (Fassi-Fihri et al., 1992; Durand & Rosenberg, 1998; 
Fauchadour et al., 1999; Schenk et al., 2006; Holzer et al., 2007, 2010; Desbois et al., 2008, 
2009, 2012a+b).  
 
Laboratory X-ray tomography has shown its strength for volumetric investigations (up to few 
cm3 of material) of macro-pore network (Van Geet et al., 2003; Louis et al., 2007), fracture 
network (Zabler et al., 2008; Kobchenko et al., 2011), grain fabric (Zabler et al., 2008; Ando et 
al., 2012) and crystallographic orientation (Borthwick et al., 2012) whereas synchrotron X-ray 
tomography with much higher resolution allowed to detect water-grain contact surface and 
water-oil meniscus in sandstone (Prodanovic, 2006). However, X-ray tomography applications 
are limited by achievable resolution (> µm) or representative volume (< few mm3) when a 
laboratory or synchrotron X-ray source is used respectively.  
The development of ion milling tools has opened new fields of applications by producing 
extremely high quality flat surfaces allowing detection of nanometer scale microstructures in 
3D when combined with an electron microscope. Ga+-FIB-tomography is now widely 
considered as a powerful method (Uchic et al., 2007; Yao, 2007; Mobus & Inkson, 2007; 
Holzer & Cantoni, 2011) to investigate pore network with typical resolution in the range of 
tens of nanometers down to 5 nm (Keller et al., 2011; Heath et al., 2011) with the aim to 
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simulate fluid flow in pore model based on natural microstructures (Friedrich and Lindquist, 
1997; Dvorkin et al., 2009). When combined with a cryogenic SEM, this method is able to 
image in-situ fluids in clay stones and natural rock salts (Desbois et al., 2008, 2009). Here, the 
limitation comes from the volumes investigated, which are not representative for typical 
microstructures occurring in sedimentary rocks (typically about 20 x 20 x 20 µm3). Recent Xe-
plasma-FIB guns are currently used to produce cross section up to 200-300 x 200-300 µm2 in 
area-size (Kwakman et al., 2011; Smith et al., 2011; Hrncir et al., 2012). The emergence of 
BIB milling tool offers a new alternative to produce cross-sections of about few mm2, paving 
the way towards electron microscopy on representative area (Desbois et al., 2009, 2010, 2011; 
Loucks et al., 2009; Houben et al, 2012; Klaver et al., 2012; Health et al., 2011) and giving 
then the opportunity to relate local microstructures with bulk properties of material measured 
on much larger samples (Houben et al., 2013; Klaver et al., 2012). BIB tomography is at its 
very early beginning. Until now BIB tomography was only performed in a stand-alone BIB 
cross-sectioner on a tight gas reservoir sandstone (Desbois et al., 2011) and cementitious 
material (Mac et al., 2012), with slice down to 15 µm thick allowing to follow the connectivity 
of grain fabric and of the intergranular volume, but not of the smaller structures because of too 
thick slices. Moreover, Desbois et al. (2012b) presented first results for wet rock salt based on 
the use of a novel BIB-cryo-SEM, where the BIB gun is directly implemented into the cryo-
SEM. At the date of the publication, this instrument was able to produce 2D cross-sections 
with noticeable curtaining and fluids were not preserved during the ion milling (Desbois et al., 
2012b).  
In the course of producing large cross sections, we can also mention the serial block face SEM 
method based on ultramicrotomy within SEM, which can produce serial cross-sections up to 
500 x 500 µm2 in area-size (Denk and Horstmann, 2004; Zankel et al., 2009; Reingruber et al., 
2011). However, as mentioned by Reingruber et al. (2011), “the prerequisite [for serial block 
face SEM] is that the material is on the one hand soft enough to be cut with a diamond knife 
and on the other hand hard enough to avoid smearing effects”. These prerequisites are strong 
limitations for its use on clay-rich and salt sedimentary rocks because of clay smearing and 
brittleness of salt rock.  
 
This contribution reports on the facilities of a fully operational novel BIB-cryo-SEM able to 
produce single high quality cross-section, as well as serial cross sectioning, at cryo 
temperature to study fluid saturated rocks at the state-of-the-art SEM resolution. This 
demonstration is based on the investigation of both synthetic coarse-grained sodium chloride 
synthesized from halite-brine mush, and natural rock salt mylonite for direct comparison with 
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previous SEM-microstructural studies performed on similar samples (Schenk et al., 2006; 
Desbois et al., 2008, 2012a+b). 
 
 
 
Figure II.47: overview of microscopy methods, which have been used for microstructures investigations 
in sedimentary rocks with corresponding typical cross-section areas and related 2D (XY) and 3D (Z) 
resolution achieved by each technique, up to today. The techniques mentioned in this figure are able to 
investigate microstructures in sedimentary rocks occurring from scale of the atom cell to the scale of a 
core; typical microstructures sizes being indicated in the figure in respect to achievable 2D resolution 
and cross section area. TEM: transmission electron microscope; SEM: scanning electron microscope; 
FIB: focussed ion beam (Ga+ and Xe-plasma ion sources); BIB: broad ion beam; NMR: nuclear 
magnetic resonance. 
II.5.2. The novel BIB-cryo-SEM machine 
II.5.2.a. The original concept 
The original concept of the BIB-cryo-SEM is to allow preparation of representative sections 
inside a scanning electron microscope (SEM), using noble gas (argon) ion beam preparation of 
representative area on sedimentary rocks at cryogenic temperature (cryo) in order to 
investigate fluid saturated and preserved 3D microstructures from successive square millimetre 
sized high quality cross-sections down to the state-of-the-art SEM resolution. 
Single 2D cross-sections are produced at regular intervals defined by the characteristic length 
of the interesting microstructure. The post processing of SEM imaged microstructures from 
successive single cross-sections allows following the interesting microstructure in 3D with 
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resolution depending either on resolution of imaging or on the thickness interval between two 
successive cross-sections. 
II.5.2.b. Detailed specifications of the system 
To perform a BIB-cryo tomography in SEM, the system has to include six essential parts 
which, assembled together form the BIB-cryo-SEM machine (Figure II.48): (1) a SEM, (2) a 
cryogenic working station, (3) a broad beam argon ion source (BIB), (4) a modified SEM 
stage, (5) a mask maintained at cryogenic temperature, and (6) a three cartesian axis 
nanomanipulator. 
 
Functionalities and specifications of these 6 essential parts are detailed below: 
•  SEM  
The large chamber SEM (FESEM SUPRATM 55, Carl Zeiss Microscopy GmbH) includes two 
secondary electron  detectors (SE2 and Inlens) for topography imaging, a back-scattered 
electron (BSE) detector for density contrast imaging and an EDX detector for chemical 
composition analysis (Apollo 10 SDD, EDAX®). Combined with the cryogenic working 
station (see below), the SEM stage is operating at cryogenic temperature (< -150°C) to image 
frozen specimens. 
• Cryogenic working station   
Cryo preparation technique for SEM is an alternative to conventional preparation techniques, 
such as critical point drying or freeze-drying, and allows observation of the sample in its 
"natural" hydrated state. The Polaron PP2000T from Quorum Technologies includes a plunge-
freezing console, a specimen transfer device, a cryo-preparation chamber and a cryogenic 
SEM-sample holder. This combination allows quenching and stabilizing the hydrated 
microstructures by plunge-freezing, transferring and keeping the sample at cryogenic condition 
during the whole experiment, cold-fracturing the sample and metal-coating (C or Pt) the 
surface.  
• Broad beam argon ion source (BIB)  
The ion source (Focussed high-energy ion gun, Technoorg Linda®) is water-cooled and 
operates at 2–10 kV accelerating voltage with noble gas (argon) ions. The outgoing ions are 
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focussed to achieve high thinning/milling rates (>180 µm/h on monocrystalline silicon 
reference material) with about 500 µm large beam diameter (both at 10 kV).  The ion source is 
directly embedded into the SEM chamber at 72° angle from the electron beam (Figure II.48.a) 
with the aim to produce in-situ high-quality cross sectioning of the sample suitable for high 
resolution imaging of microstructures. This device operates at cryogenic conditions as well as 
room temperature. 
• A modified SEM stage  
The standard SEM stage of the FESEM SUPRATM 55 (Carl Zeiss Microscopy GmbH) does 
not allow to tilt the SEM stage towards -18° as needed for BIB milling (Figure II.48.b). The 
modified stage allows tilting up to -23°. 
• A mask maintained at cryogenic temperature  
Because the noble gas ion beam has a rather broad 3D pseudo Gaussian shape (i.e. weakly 
focussed in contrast to FIB), an ion milling resistant mask made of titanium has to be used to 
split the beam in two in order to produce a sharp-edged beam for flat cross sectioning. Because 
the Ti-mask can be in contact with the frozen specimen surface, the Ti-mask has to be kept at 
the same temperature as the cryo-SEM stage to avoid critical heating of the specimen. The Ti-
mask is maintained at cryo-temperature by a “copper cryo-bridge”, which connects the blade 
to the cryo-SEM stage (Figure II.48.a, b). 
• A three cartesian axis nanomotor 
Three nanomotor stages (Klocke Nanotechnik GmbH) form a Cartesian manipulator (XYZ) 
with sub 10 nm reproducible moving resolution in order to place precisely the Ti-mask on the 
surface of the sample. Serial cross sectioning is then possible by successive positioning of the 
Ti-mask, which is fix-mounted on the Cartesian nanomanipulator (Figure II.48.a, b). The 
movement is controlled by the manipulator software. Different processes can be stored in 
macros including remote control of the SEM. 
 
Moreover, in contrast to FIB cross sectioning, BIB cross sectioning produces a large volume of 
ejecta, which can contaminate dramatically both the detectors and the electron column. 
Therefore, retractable shielding plates have been designed to protect each of them during BIB 
milling. 
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Figure II.48: schematic drawing of the technical BIB-cryo-SEM principle. (a.) The sample, mounted on 
a copper stub with a 30° cut edge, is loaded onto the cryo-stage (-160°C) within the SEM chamber; the 
cryo-stage being itself fixed on the 5-axis motorized SEM stage. For sample loading the tilt angle of the 
SEM stage is 0°. A 3 Cartesian axis nanomanipulator is attached to the SEM stage in order to position 
the edge of a titanium (Ti) blade at the center of rotation of the SEM stage. The electron (e-) beam is at 
72° of the broad ion beam (BIB) and coincide at the rotation axis of the SEM stage; the titanium blade 
thus at 60° of the top surface of the sample and the angle between the BIB and the Ti-blade is 18°. The 
Ti-blade is maintained at the same cryo-temperature than the cryo-stage by using a copper bridge. (b.) 
The system is in milling position. The top surface of the Ti-blade is placed parallel to the BIB by tilting 
the SEM stage to -18°. The e- beam and the BIB coincide at the rotation axis of the SEM stage and the 
BIB is perpendicular to the edge-front-line of the Ti-blade. During milling, the SEM stage rotates +/- 
30° about the SEM stage rotation axis from its original position to minimize curtaining. (c.) For serial 
cross sectioning, the Ti-blade is re-positioned parallel to the top surface of the sample before each 
successive BIB milling. Because of the geometry of the system, the distance imaged by the e- beam (a) 
has to be corrected to give the effective slice thickness between two successive cuts (b) through the 
orthogonal distance between these two slices (a*). 
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II.5.2.c. Operating the system 
This section, which describes the typical procedure to perform a BIB-cryo-SEM experiment, is 
based on Figure II.48. 
The frozen sample mounted on a copper stub (with a 30° angle) is introduced towards the 
cryo-stage inside the SEM chamber by using a specimen transfer device after metal-coating 
the surface of the specimen via the cryo-preparation chamber. The region of interest to be BIB 
cross-sectioned is placed on the SEM stage rotation axis. By using the three axes Cartesian 
manipulator, the edge of the Ti-mask is first placed at the same working distance than the 
region of interest (Figure II.48.a) and then approached at less than 40 nm from the specimen 
surface (Here, the approach is performed automatically through the Cartesian manipulator 
software which compares the active position of the Ti-mask with the expected position defined 
by the increment motion step used. A difference of 5% in the measured position vs. the 
expected position indicates that the Ti-mask touched the sample; thus, the Ti-mask is retracted 
of 40 nm from this position). The SEM stage is then tilted to -18° in order to align the BIB 
with the top surface of the Ti-mask; the coincidence point of the electron beam and the BIB at 
the region of interest is reached for a working distance of about 17 mm (Figure II.48.b). 
During milling, the SEM stage oscillates between ± 30° about SEM stage rotation axis to 
minimize curtaining of the cross section. The Cartesian nanomanipulator is gravity 
compensated and has a closed loop position holding system to avoid drift of the Ti-mask 
positioning with rotation of the SEM stage. Serial cross sectioning is achieved by re-
positioning the Ti-mask a step further from the previous position (assisted by the Cartesian 
manipulator software) before repeating the next BIB milling (Figure II.48.c). 
II.5.3. Case study: wet rock salt 
II.5.3.a.  Synthetic and natural polycrystalline samples 
Two kinds of synthetic polycrystalline samples have been prepared.  
The first kind of synthetic sample (S#1) is compacted synthetic polycrystal from commercial 
halite powder (NaCl content > 99.9%) prepared as in Schenk and Urai (2004) and Desbois et 
al. (2011b). After treating for 30 seconds in an ultrasonic bath, the initial salt- brine mixture 
(grain size in the range of 200 - 355µm) was poured into the cylindrical die of a uniaxial 
compaction apparatus. Subsequently, the pressure on the upper piston was raised to 150 MPa 
in a few minutes, and maintained for 5 minutes. Resulting samples are dense cylindrical disks 
with a diameter of 1 cm and a height of 1 – 1.5 mm. In this contribution, the analyzed samples 
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were annealed for more than two and half years in salt-brine-saturated-atmosphere (Schenk 
and Urai, 2004; Desbois et al, 2012b).  
The second kind of synthetic sample (S#2) is produced by cold-pressing (at room temperature) 
in an extrusion machine (from 0 to 4.5 GPa in 15s) of a salt mush made of commercial halite 
powder (NaCl content > 99.9%, grain size <10 µm) and saturated salt solution. These samples 
were subsequently stored at room temperature, room humidity and at atmospheric pressure for 
more than 6 years.  
The natural sample (N#1) studied in this contribution is a naturally deformed fine-grained 
mylonitic rock salt from the Qom Kuh salt fountain in Iran (Schlèder, 2006; Desbois et al., 
2010, 2012a). The sample investigated in this study is numbered 9.3 and it is the same as in 
Desbois et al. (2010, 2012a), who give a comprehensive microstructural study of this sample. 
II.5.3.b. Sample preparation and SEM imaging 
Sub-samples (about 5 x 5 x 1 mm3 in size) of N#1 and S#2 samples were slowly dry cut with a 
low-speed 0.3 mm diamond saw from centimetres sized samples and pre-polished dry with SiC 
paper (down to 2400 grade). Sub-samples of S#1 samples were produced by breaking of the 
thin (1 – 1.5 mm thick) original plugs. 
S#2 samples were single and serial BIB- cut at room temperature from sub-samples glued 
(silver paste) on a copper stub (with a 30° angle, Figure II.48). Single BIB cuts are made for 3-
4h at 10 kV (first cut) , and for 1h at 10 kV (serial sectioning). 
S#1 and N#1 samples were investigated at cryo temperature (-160°C) following the procedure 
as illustrated by the pressure-temperature path in Figure II.49.a and as described in Desbois et 
al. (2012b): the sample is (a) fixed on a copper stub (with a 30 ° angle) with cryo-gel (O.C.T™ 
compound, Tissue-Tek®) at room temperature; (b) plunge-frozen and stirred in slushy 
nitrogen to minimize the Leidenfrost effect (Zhang & Gogos, 1991; Desbois et al., 2008); (c) 
transferred from the slushy nitrogen bath to the cryo-preparation chamber by using the 
specimen transfer device operating at cryogenic temperatures and vacuum conditions; (d) 
coated with platinum (15 A, 50sec.) at cryogenic temperature; (e) transfer from the cryo-
preparation chamber to the SEM sample cryo-stage by using the same transfer device as 
previously mentioned; and (f) BIB cut in-situ SEM for duration between 1h 45min and 4h at 
10 kV or for 1 hour at 10 kV when it is for an unique cross section, or for serial cross section, 
respectively. 
Heating of the cryo-sample stage (from -160°C to -80°C for about 1hour) has been done after 
some cryo-BIB cuts in order to sublimate water phases (Figure II.49.a, c; Schenk and Urai, 
2006; Desbois et al., 2008, 2012a+b). 
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SEM imaging is performed on non-metal-coated surface at 1.5 kV, at working distance of 
4mm and aperture of 30 µm when single cross sections are not involved in serial cross 
sectioning; and at 3 kV, at working distance around 17-18 mm and aperture of 30 µm when 
single cross sections are involved in serial cross sectioning. Large areas are imaged as a 
mosaic of single images with about 30% overlap. 
 
 
 
Figure II.49: pressure-temperature path and phase transition experimented by a brine-wet 
polycrystalline halite aggregate during a BIB-cryo-SEM experiment. (a.) Pressure temperature path; 
numbers indicate the key moments of the BIB-cryo-SEM experiment: 1- the starting material (sample) 
made of polycrystalline halite (NaCl) with brine at grain boundary (GB) is at P-T room conditions, 2- 
the plunge freezing of the sample in slushy nitrogen (N2) (Path 12) quenched the GB brine where 
brine transformed into hydrohalite and amorphous ice, 3- the sample is Pt-coated inside of the cryo-
preparation chamber after its cryo-transfer from the bath of slushy N2  (Path 23) and before its 
to the SEM chamber (Path 34), 4- BIB cross sectioning in situ SEM, 5- the amorphous ice is removed 
by sublimation (Path 45) letting hydrohalite foam network. (b.) Path 12 replaced in the phase 
diagram) of NaCl-H2O system (temperature vs. weight percent of NaCl at atmospheric pressure 
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bar (Roedder, 1994; Bodnar, 1993): the saturated brine at GB is destabilized into hydrohalite and ice 
when plunged-frozen (L: liquid, S: solid, HH: hydrohalite, I: ice, E: eutectic). (c.) Phase transition of 
H2O system (pressure vs. temperature) at low temperature during the path 25: from 23 the pressure 
decreases at constant temperature and from 34 the temperature decreases slightly at constant 
but both with phase transition of ice; from 45 the ice sublimates by passing from 113K to 193K at 
constant pressure of 1e-9 bar. 
II.5.4. Results 
II.5.4.a. BIB sectioning in the cryo-SEM 
• Cross-sectioning overview 
Figure II.50 shows a typical cross-section on N#1 sample produced by BIB-milling for 1h 
45min at cryogenic temperature. BIB polished cross sections have typical pseudo Gaussian 
shape reflecting the current density distribution in the beam split by the shielding plate and 
convoluted with the oscillation of the sample during milling, the typical high relief in the areas 
being removed (Desbois et al., 2012b). Based on more than 20 BIB cross sections, the 
calculated milling rate at 10 kV for NaCl (182 ± 25 µm.h-1) is in this contribution lower than 
this estimated in Desbois et al. (2012b; about 350 µm.h-1). 
The quality of produced surfaces is reproducible from cut to cut and we did not observe 
difference in quality in regards to the temperature of the experiment and no contamination (i.e. 
redeposition) of ejecta has been detected on the BIB polished cross-section.  
• Surface quality 
Atomic Force Microscopy (AFM) investigations of a BIB cross section (Figure II.51) show 
that maximum topography created by BIB milling (i.e. curtaining) is in the range ± 40 nm 
corresponding to very localized “steps” between flat area with typical 30 µm wave-length. 
Occasional very high or very deep islands have been identified as dust or pores, respectively. 
SEM images corroborate AFM topography investigations showing no significant curtaining 
both at high (Figures II.53.g and II.55) and low (Figures II.52, II.53 and II.56) resolution. 
Remaining smooth vertical curtaining with typical 30 µm pitch in Figures II.52.g and II.55 are 
the same as those measured by AFM microscopy (Figure II.51). At higher magnification 
(Figures II.52, II.53 and II.56), the remaining smooth curtaining does not disturb the detection 
of smallest microstructures. Grain boundaries down to tens of nanometers thick are easily 
detectable at close to the maximum resolution of the SEM without misinterpretation thanks to 
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the high quality of surfaces produced by BIB in situ SEM. Quality of surfaces is also clearly 
indicated by detectable phase contrast reflecting changes in crystallographic orientation of 
single adjacent grain (Figures II.53.g-j, Goldstein et al, 2003).  
In SEM images taken at high magnification and cryogenic temperature, some granular texture 
is developing with time of observation on the surface of NaCl grains (Figures II.52.a and 
II.53.b, c). This is interpreted as slight degassing of frozen brine (due to density increase of 
electron beam energy at high magnification), which condensates locally on adjacent NaCl 
grains.  
 
 
 
Figure II.50: an example of a region of interest to be investigated by BIB-cryo-SEM in naturally 
deformed rock salt (N#1). (a.) Before milling, the titanium blade is placed as close as possible to the 
region of interest. (b.) After cryo-BIB milling, the produced cross section (indicated by the area 
enclosed in dashed line) has a pseudo Gaussian shape. At the scale of the picture, the cross section 
appears flat. 
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Figure II.51: Atomic Force Microscopy (AFM) on a BIB cross section at two different magnification 
shows that maximum topography created by BIB milling (i.e. remnant curtaining) is in the range ± 40 
nm corresponding to very localized “steps” between flat area with typical 30 µm pitch. Occasional very 
high or very deep islands have been identified as dust or pore, respectively. (a.) “Low” scanning 
resolution (Pixel resolution [X,Y] = 156 nm) on “large” surface (70 x 70 µm2) and (b.) “High” 
scanning resolution (Pixel resolution [X,Y] = 39 nm) on “small” surface (20 x 20 µm2). 
• Rapid freezing of samples 
Pressure-temperature path experienced by the sample from early stage to the end of a BIB-
cryo-SEM experiment is illustrated in Figure II.49.a; the evolution of brine phase during the 
experiment is indicated by reporting key moments of the cryo-experiment into the phase 
diagrams of NaCl-H2O (Figure II.49.b) and H2O (Figure II.49.c) systems. Because of the rapid 
cooling by plunge freezing of the starting material (NaCl grains + brine in grain boundary) into 
slushy liquid nitrogen (-196° C), the brine in grain boundary (GB) is transformed into 
amorphous ice (I in Figure II.49) and hydrohalite (NaCl + 2 H2O; HH in Figure II.49.b) (Step 
1 to 2 in Figure II.49.b, c; Roedder, 1994; Bodnar, 1993). The transfer of the frozen starting 
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sample into the cryo-preparation chamber (P = 1E-9 bar; T = -180°C) and the SEM chamber 
(P = 1E-9 bar; T = -160°C) does not destabilize hydrohalite and ice phases (Step 3 to 4 in 
Figure II.49.c).  
One relevant test to check that frozen fluids were preserved from eventual critical heating of 
the sample during the BIB milling is to image a pore filled with frozen-fluid just after BIB 
cross sectioning and once more after subsequent heating of the sample from -160°C to –80°C 
(Step from 4 to 5 in Figure II.49.a, c; i.e. sublimation, see also section II.5.3.b). After 
sublimation (or “freeze drying”), the brine is clearly identifiable by its typical foam pattern 
(Schenk and Urai, 2006; Blackford, 2007; Blackford et al., 2007; Desbois et al., 2008, 
2012a+b). Figure II.52 shows such a test. Before sublimation (Figure II.52.a), the frozen brine 
filling the GB appears with in dark-grey level between salt grains in brighter-grey level. After 
sublimation (Figure II.52.b), the frozen brine has developed a foam structure reflecting the 
evaporation of ice crystals. 
 
 
 
Figure II.52: Sublimation test after BIB cross sectioning at cryo temperature on wet polycrystalline 
halite (S#1) (a.) After BIB milling and before sublimation: a grain boundary filled with a dark-grey 
phase, which is the frozen brine.  (b.) After sublimation (-160°C to –80°C in 1 hour; step from 4 to 5 in 
Figure II.49.a), the same region imaged in (a.) shows that the frozen brine destabilized into a foam 
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structure reflecting evaporation of ice crystals, indicating that the sample did not experienced heating 
prior to the forced sublimation. Granular texture on the surface of NaCl grains (mostly in a.) is 
interpreted as the effect of a slight degassing of frozen brine during the observation (concentration of 
electron beam energy), which condensates locally on adjacent NaCl grains. 
 
 
 
Figure II.53: Fluid distribution and grain boundary microstructures in wet synthetic polycrystalline 
NaCl (S#1 and S#2) and naturally deformed salt (N#1) from the salt glacier (Qom Kuh, central Iran). 
– f.) Typical grain boundaries in S#1 sample BIB cut at cryo temperature without sublimation (a. – c.) 
and with sublimation (d. – f.) after the BIB cross sectioning. In a., b. and c., dark-grey phase indicates 
frozen brine, whereas in d., e. and f. the brine is indicated by foam structure (i.e. sublimated brine, see 
Figure II.52). In b., because of high magnification imaging, the beam’s energy started to destabilize 
locally the sample inducing the incipient of sublimation indicated in the picture. Similarly to Desbois et 
al. (2011), we observed all possible types of boundaries HfBHn, HfBHf, HnBHn and HH; see text for 
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details. In (b. and c.), the granular texture on the surface of NaCl grains is interpreted as the effect of a 
slight degassing of frozen brine during the observation (concentration of electron beam energy), which 
condensates locally on adjacent NaCl grains. (g. – j) Typical grain boundaries in S#2 sample BIB cut at 
room temperature: (g.) low magnification view of the BIB cross section where grain fabric is detectable 
because of slight phase density contrast due to the crystallographic misorientation between each 
individual grains; (h.) Detail of (g.) showing big empty smooth pores at triple junctions, which appear 
connected to two pores thanks to the high focus depth allowing to see inside the pores; (i. and j.) some 
pores at triple junction contain small euhedral crystals covering the pore walls and these are 
as early presence of brine (see section II.5.4.b, after Desbois et al 2012). (k. – m.) Typical grain 
boundaries in N#1 sample BIB cut at cryo temperature without sublimation (k. and l.) and with 
sublimation (m.): (k.) an isolated fluid inclusion at contact between two single NaCl crystals containing 
a gas inclusion and in dark-grey the frozen brine; (l. and m.) fluids distribution outlining NaCl crystal 
contact showing isolated fluid inclusions, fluid films and small triple junctions. Interfaces are described 
with the nomenclature defined in the section II.5.4.b: H: halite; V: void inclusion; n: non-
faceted/curved; f: faceted/straight. 
• Serial cross-sectioning 
Serial cross sectioning is the basic of 3D microstructural investigation with BIB-cryo-SEM 
machine. 3D investigation is performed by SEM imaging of successive BIB cuts by moving 
the Ti-mask with controlled step distance (Figures II.48.c, II.54.a and II.55) with the Cartesian 
manipulator (XYZ). 
The calibration of the distance between each successive cross sections has been done by BIB-
cutting of a “chessy standard test specimen” (originally used for SEM magnification 
calibration where each small square is 1 x 1 µm2 in size, Figure II.54.a) for the same duration 
(20 min.). Three standard samples have been cut (the 3 experiments in Figure II.54) for 3 
different targeted distance between two successive cuts (200, 500 and 1000 nm, Figure II.54), 
several times (number of slices indicated in brackets in Figure II.54.b). The effective distance 
between two cuts is measured from aligned images of two successive cuts (Figure II.54.a). 
Because of the geometry of the machine (Figure II.48), the distance measured from two 
successive images has to be corrected to give the effective distance (Figure II.48.c). Results 
(Figure II.54.b) show 3 things: (1) the effective distance between two successive cuts is 
systematically larger than the distance targeted but with relative differences decreasing with 
increasing targeted distance step, (2) for each experiment the reproducibility of effective 
distance between two successive cuts is good within ± 50 nm, and (3) for different experiments 
but for the same targeted distance, the measured effective distance can differ within a range of 
20 %. 
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Figure II.54: Variability and reproducibility of slice thickness during serial BIB cross sectioning in situ 
SEM. (a.) The calibration of the distance between each successive cross sections has been done by BIB-
cutting of a “chessy standard test specimen” (where each small square is 1 x 1 µm2 in size) for the same 
duration (20 min. at 10 kV). The slice thiknesses measured by the SEM (indicated by a1 and a2, see also 
the distance “a” in Figure II.48.c) have to be corrected to give the effective distance (“b” in Figure 
II.48.c). The example shown in (a.) represents the first three successive slices cut in the second 
experiment of calibration (diamonds in b.), where slices of 500 nm thick have been targeted. (b.) 
Compilation of measurement giving the measured effective slice thickness as a function of the targeted 
slice thickness for the 3 calibration experiments (indicated by square, diamond and cirle). For each 
experiment at a given targeted slice thickness, the number of slices performed for measurement is 
indicated in brackets. 
II.5.4.b. Fluid distribution and grain boundary microstructures in rock salt 
• Grain boundary nomenclature 
To facilitate the description of grain boundaries, we used the nomenclature from Desbois et al. 
(2012a+b).  
The HH boundary is a boundary between two halite grains, with no visible structure at the 
scale of observation. This means that at low magnification, boundaries, which can be shown to 
contain a brine film or voids, are called HH. The HBH boundary is where there is resolvable 
brine between two halite grains and HVH is where there is resolvable void inclusion between 
two halite grains, at the scale of observation. The H-B boundary is the contact between halite 
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and brine and HV is the contact between void inclusion and halite. Therefore a brine-filled 
boundary consists of two HB boundaries (HB BH = HBH) and a void inclusion embedded in 
boundary consists of two HV boundaries (HV VH = HVH).  
The shape of the boundaries can be faceted (straight, indicated by subscript f) or non-faceted 
(curved, subscript n). Again, this is defined at the relevant scale of observation. Thus, a 
boundary with resolvable brine, which is faceted on one side and curved on the other side of 
the brine film, is called a HfBHn boundary.  
The term “void” is only used for observations performed at room temperature (Figures II.53.g-
h, II.55 and II.56.a; i.e. the original fluids are lost). Therefore, a “void” indicates an inclusion 
in grain boundaries, which may be filled previously with gas and/or brine at preserved fluid 
condition. 
• Grain boundaries from single BIB cross sections 
S#1 samples 
Similar to Desbois et al. (2012b), we observed all possible types of boundaries HfBHn, HfBHf, 
HnBHn and HH (Figures II.52 and II.53.a-f). Continuous brine-filled grain boundaries are 
frequent, with variable thickness from about tens of nanometers (Figure II.53a., f) to more than 
1 µm (Figures II.52 and II.53.c-e) over long sections (up to few hundreds of micrometers). The 
thickest brine-filled continuous grain boundaries (> 1µm) bound the largest grains with HnB 
contacts (Figures II.52 and II.53.c,d) while brine films with thicknesses below 1 µm are 
usually at interfaces involving at least one HfB contact (Figure II.53.a, e, f). Exceptions are 
curved HnBHn boundaries with high wavelength (Figure II.53.f) with typical brine film 
thickness < 50 nm. Irregular brine pockets between grains are bound by HfB boundaries 
(Figure II.53.a, b, e, f). The geometry of HfB boundary-impingement controls the 
morphologies and area (up to few µm2) of these irregular brine pockets (Figure II.53.a, b, e, f). 
In contrast to irregular brine pockets, there are intergranular isolated brine inclusions (size 
smaller than 500 nm) in H-H grain boundaries (Figure II.53.e).  
 
S#2 samples 
At low magnification (Figure II.53.g), S#2 samples exhibit a grain fabric built with sub-
equigranular and euhedral grains. At higher magnifications (Figure II.53.h, i, j) single grain-
grain contacts form only HH boundaries with no more structures visible down to the resolution 
of the SEM. HH boundaries are only detected because of the difference in phase contrasts 
reflecting different crystallographic orientation of grains on uncoated surfaces. Voids with 
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curved boundaries (Figure II.53.h-j) are almost all located at multiple grain junctions with 
typical size of few tens micrometers forming HVH boundaries. Voids are free of brine since 
the fluids were not preserved by cryogenic method but the presence of small euhedral crystals, 
coating some internal edges of voids (Figure II.53.i, j), indicates the early presence of brine 
after Desbois et al. (2012a). However, evidences for early brine-filled voids are not frequent; 
about 90% of detected voids have very smooth internal edges suggesting no early brine (Figure 
II.53.h). 
 
N#1 samples 
Cryogenic BIB cross sectioning of N#1 samples corroborates the observations made by 
Desbois et al. (2012a) on similar samples but on fractured surfaces at cryogenic temperature. 
Grain boundaries of thicknesses from few micrometers down to 50 nm are brine-filled (HBH; 
Figure II.53.k, l); brine is also present at triple junctions (Figure II.53.l). HBH boundaries can 
be continuous (Figure II.53.k, m) or isolated by HH boundaries (Figure II.53.l). Figure II.53.k 
shows a typical example of the coexistence of two fluid phases made of brine and gas in an 
inclusion at grain boundaries. In contrast to samples S#2, grain boundaries in N#1 samples are 
detected because of the presence of a physical gap between two grains in contact (Figure 
II.53.k, l, m) whose thickness can be down to 5-10 nm (i.e. in the range of the SEM resolution; 
indicated by dashed white line in Figure II.53.l, m. However, for these very thin grain 
boundaries the presence of brine is not resolved and appears as HH boundaries (Figure II.53.l, 
m). 
• Tomography based on BIB serial cross sectioning 
BIB serial cross-sectioning (i.e. destructive tomography, Figures II.55 and II.56) is performed 
to reach the information about the connectivity of microstrutures detected in Figure II.53 for 
S#1 and S#2 samples.  
The distance between two successives cross sections was targeted to be of 500 nm both on 
N#1 and N#2 sample. Therefore, in respect to the scale of microstructures presented in Figure 
II.53, the targeted distance of 500 nm allows investigating the connectivity of microstructures 
identified as multiple grain junctions (Figures II.55 and II.56). 
For the reconstruction of 3D microstructure, the images have to be aligned considering fiducial 
marks from the top surface, which have not been sputtered by BIB. Because of the large size 
of the BIB cross section (up to mm2) in respect to the typical microstructure size (from µm 
down to tens of nm), fiducial marks needed for alignement cannot be imaged in one shot with 
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relevant resolution to detect microstructures of interest; in contrary to FIB-SEM approach 
(Yao, 2007; Mobus & Inkson, 2007; Holzer & Cantoni, 2011). We used the following imaging 
procedure: (a) the region of interest is imaged as a mosaic of single images at high resolution 
(> 8,000x magnification; stitching using Autopano software, Kolor [2008]), and (b) the region 
of interest is imaged as a single image at different decreasing magnification until the top 
surface is fully included into the image. So, the microstructure of interest can be replaced in 
the low magnification image, which contains the fiducial marks from the surface for further 
alignment. 
At low magnification (Figure II.55), overviews of BIB cross sectioned surfaces increase their 
area with increasing slice number though they were milled each for the same duration (1h). 
The BIB milling operating at constant ion density and targetting the same region of the sample 
(only the mask is repositionned between each successive slice), the milling of a new slice 
benefits of the previous slice milling from where material has been already excavated; depth 
and area being thus increased slice after slice. At the scale of Figure II.55, pores appear in 
black, which outline mainly the halite grain fabric highlighted by the slight grey phase contrast 
due to the slight crystallographic misorientation of individual grains, and all surfaces are flat 
without significant curtaining and damage. 
Observations at higher magnification (Figure II.56) allow describing microstructures changes 
with slice number (i.e. with depth). In S#2 sample (Figure II.56.a), empty inclusions are 
running all around single grains with pore cross sections of few µm2 possibly connected by 
micrometer sized pore tubes suggesting a porous wormlike-shaped network connected at least 
over micrometer scale. Thanks to the high focus depth of the SEM, see-through observations 
of empty pore in Figure II.53.h suggests also this interpretation. 
At cryo temperature (sample S#1, Figure II.56.b, c), the brine appears as dark grey filling 
pores located at grain boundary interfaces. At the scale of observation, the volume of brine-
filled microstructures (typically few µm3) seems to be controlled by the development of halite 
crystal facets (HfB boundaries). In Figure II.56.b-c brine-filled inclusions seem to be poorly 
connected both in 2D and 3D. If these brine-filled inclusions are connected to each other, the 
pore throats have pore diameters below the resolution of SEM (i.e. < 35 and 10 nm pixel size 
for the images in Figure II.56.b and II.70.c, respectively). At the scale of Figure II.56, all 
surfaces are of good quality without significant curtaining and damage, over the complete 
serial cross sectioning process. More over, we observed that the effective long period of ion 
beam bombardement and blade repossitioning during the serial cross sectioning experiment at 
cryo temperature preserved frozen brine. The activation of sublimation after the last BIB-cut 
induces the development of a foam-structure of the brine-filled microstructures (the two 
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images containing the scale bar in Figure II.56.b, c) demonstrating that the original frozen 
sample did not experienced critical heating even for a long term serial cross sectioning 
experiment. 
 
 
 
Figure II.55: Successive BIB cross-section overviews from a serial cross-sectioning experiment (S#2 
sample cross sectioned at room temperature; each slice milled for 1h at 10 KV with targeted slice of 
nm thick). At the scale of observation, the grain fabric is detectable because of slight phase density 
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contrast due to the crystallographic misorientation between each individual grains and pore appear in 
black. The BIB cross sections increase their area with increasing slice number because the milling of a 
new slice benefits of the previous slice milling from where material has been already excavated; depth 
and area being thus increased slice after slice. 
 
 
 
Figure II.56: Details of selected evolving microstructures from aligned BIB serial cross-sections on 
sample S#2 (a.) and S#1 (b. and c.) at room temperature and cryo temperature, respectively. (a.) empty 
inclusions are running all around single grain (enclosed within the white dashed line) with pore bodies 
of few µm3 connected by micrometer sized pore tubes forming a porous wormlike-shaped network 
connected at least over micrometer scale. (b. and c.) the brine-filled inclusions form facetted pockets of 
few µm3, which seem to be poorly connected to each other both in 2D and 3D. After the heating up of 
the cryo sample stage (-160°C to –80°C in 1 hour), the frozen fluid developed foam structure indicating 
the original frozen sample did not experienced critical heating even for a long term serial cross 
sectioning experiment. 
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II.5.5. Discussion 
II.5.5.a. BIB-cryo-SEM as a novel microscopy tool 
The BIB-cryo-SEM machine described and tested in this contribution is improved from a very 
early version presented in Desbois et al. (2012a) The improved version benefits from high 
quality surfaces of BIB cross-section with only minor curtaining (Figure II.51 to be compared 
with Figure II.57 modified from Desbois et al. [2012b]) compared to the quality achieved by 
stand alone BIB cross-sectioners (Desbois et al., 2009, 2012b; Loucks et al., 2009, 2012; 
Houben et al., 2013; Klaver et al., 2012) and brings the possibility to perform BIB serial cross-
sectioning in situ SEM (Figures II.55 and II.56) both without critical heating inducing fluid 
sublimation during ion milling (e.g. Desbois et al., 2012b; Figure II.57). Therefore, this 
machine is considered as the first generation of a novel multi-beam electron microscope 
including both broad ion beam and cryogenic facilities within a conventional SEM.  
The BIB-cryo-SEM machine is able to produce large polished cross-sections up to few mm2 
using a BIB gun the SEM, both at cryogenic or room temperature, and image microstructures 
down to the state-of-the-art SEM resolution. These novel facilities are of major importance for 
geomaterials sciences since they allow investigating the microstructures at their typical length 
scale range and in representative elementary area (REA) paving towards representative 
quantification of microstructures morphologies and distribution in true 2D flat cross-sections 
(Houben et al., 2013; Klaver et al., 2012), wherein the principles of stereology (Underwood, 
1970; Russ, 1990) can be applied. The successive nano-repositioning of the Ti-mask by using 
the three Cartesian-axis nanomotor after cross-sectioning gives also possibilities to study the 
microstructure in 3D down to a reproducible slice thicknesses of few hundreds of nanometers 
(Figures II.54, II.55 and II.56). 
Indeed, only when the BIB cross-sectioning in-situ SEM is combined with cryogenic 
techniques that the major technical and scientific breakthroughs are achieved. Cryogeny allows 
both detecting fluids in its natural environment (Figures II.52, II.53.a-f, k-m, II.56.b-c; Desbois 
et al., 2008, 2009) and preserving samples against critical desiccation and dehydration, which 
may damage natural microstructures (Kang et al., 2003).  
From the point of view of the Geosciences community, particularly for researches dealing with 
waste disposal in deep geological formation and rock reservoirs, all these facilities functioning 
together are opening novel applications for the investigation of fluid-rock interactions at pore 
and grain boundary scales under electron microscope; fluid-rock interactions being one of the 
key point to understand and predict the performance of host and reservoir rocks. 
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Of course, as pointed out in the introduction, each method of investigation has its own niche in 
term of achievable resolution and investigable area/volume (Figure II.47; Mobus & Inkson, 
2007; Holzer & Cantoni, 2011). 
 
 
 
Figure II.57: BIB cross sectioning of a S#1 sample without active rotation of the SEM stage during BIB 
milling and with un-cooled titanium blade (Image from Desbois et al., 2012). The cross section exhibits 
a strong curtaining of the surface masking the details of grain boundary microstructures; the brine at 
grain boundary show the foam structure indicating critical heating of the sample during milling though 
the sublimation of fluids was never forced by heating the cryo sample stage. Comparison with figures 
II.52, II.54 and II.56 indicates that the BIB-cryo-SEM machine described in this contribution provides 
much improved performances both in surface quality of cross-sections and in preservation of wet 
microstructures during the BIB-milling. 
 
The non-destructive microstructural investigation of representative volumes in geomaterials 
(up to few tens of cm3) is currently mostly performed by using X-ray tomography (Lenoir et 
al., 2007; Hall et al., 2010; Borthwick et al., 2012). Because X-ray tomography does not 
require high vacuum, samples can be studied in their natural hydrated state. Unfortunately, the 
resolution of X-ray tomography cannot resolve microstructures below 1µm, even with X-ray 
beam from a synchrotron source (Robinet, 2008). Here, only the 3D grain fabrics and the 
biggest pores bodies (typically of size > 10 µm in radius) can be resolved (Robinet, 2008). 
Along with X-ray tomography, Ga+-FIB-SEM systems are also an alternative for volume 
investigations of materials. A Ga+-FIB-SEM machine can function at cryo temperature (Holzer 
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et al., 2007, 2010; Desbois et al., 2009) and proceed with serial cross sectioning to investigate 
preserved 3D volumes of about 15 x 15 x 15 µm3 down to the resolution of SEM (i.e. < 10 nm) 
at specific sites (Keller et al., 2011; Curtis et al., 2012). Here, the limitation is the volume 
investigated, which is not covering the representative elementary area of the grain fabric or the 
typical length scale range of microstructures (see Figure II.47) in sedimentary rock. More over, 
though Ga+-FIB-SEM method can target a specific site of interest, the representativeness of 
such a specific site is quite random because its selection is typically done on low-quality 
original surfaces, which does not allow estimating microstructural heterogeneities in larger 2D 
surfaces. Here, authors suggest that the use of BIB allow the preparation of large 
representative cross section in which several comparable specific sites are included and where 
a representative one can be selected for Ga+-FIB-SEM. Recent Xe-plasma-FIB gun is 
developing in order to solve this problem by producing cross section up to 200-300 x 200-300 
µm2 in area-size (Kwakman et al., 2011; Smith et al., 2011; Hrncir et al., 2012). 
Typical BIB cross sections, which are up to 2 mm2 with resolution down to 5-10 nm, have to 
be compared (Figure II.47) with surface prepared with Ga+-FIB (typically up to 20 x 20 µm2 
with resolution down to 5-10 nm) and extracted from X-ray tomography (typically up to 1 x 1 
cm2 with resolution down to 1-5 µm). The slice thickness governs the resolution in the third 
dimension. In case of FIB-SEM, BIB-SEM and X-ray tomography machines, the minimum 
effective distance between each successive slice is controlled either by the FIB properties 
(optimized acceleration voltage and probe current settings enable achieving slice thickness 
down to 5 nm, Keller et al., 2011; Curtis et al., 2012), the reproducibility of Ti-blade 
positioning (Figure II.54, effective slice thickness down to 350 nm) or the signal-noise ratio 
depending mainly of the volume and nature of the sample (micro-scale resolution is possible 
within objects at millimeter scale or below); respectively. Thus, FIB-SEM and BIB-SEM can 
deliver 2D cross sections with similar resolution but surfaces prepared by BIB are up to 4 
orders of magnitude larger than those prepared by Ga+-FIB (1.102-3 µm2 vs. 1-2.106 µm2 for 
Ga+-FIB and BIB respectively). Moreover, when volumes are investigated by serial cross 
sectioning, Ga+-FIB-SEM can produce volumes with cubic voxel down to 5 x 5 x 5 nm3 in 
volume, whereas the smallest voxel achievable with BIB-SEM has a high aspect ratio (the 
longest edge defining the 3D resolution) down to 5 x 5 x 350 nm3 in volume. X-ray 
tomography can provide bigger volumes (up to 8 orders of magnitude larger than those 
prepared by FIB) but with low cubic voxel resolution (slightly below 1 µm3; Robinet, 2008) in 
comparison with those given by FIB and also BIB techniques. 
Therefore, the BIB-cryo-SEM presented here is a novel method bridging the scales between X-
ray tomography and FIB-SEM, providing 2D cross sections with FIB-SEM resolution on 
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representative elementary area of surfaces comparable to a transverse cross section of a typical 
cylindrical sample used for high-resolution X-ray tomography (< 3mm in diameter). In 3D, the 
slice thickness resolved by BIB is in the range of few hundreds of nanometers, i.e. about 1 
order of magnitude thicker than slices produced by FIB and about 1 order of magnitude thinner 
than slices produce by X-ray tomography. Because of complementary and overlapping 
performances of the BIB-SEM method with FIB-SEM and X-ray tomography methods, the 
BIB cross-sectioning both enables detailed insights about morphologies of pores at greater 
resolution than X-ray tomography and allows the production of large representative surfaces 
suitable for FIB-SEM investigations of a specific representative site within the BIB cross-
section. 
II.5.5.b. Preservation of wet microstructures 
Besides the good quality of the cross-section prepared with BIB gun in-situ SEM (Figures 
II.51, II.52, II.53, II.55 and II.56), the relevance of the BIB-cryo-SEM machine is strongly 
linked to its ability to preserve hydrated microstructures from damage due to production of ice 
crystal during cooling and cryo-transfer, and from critical heating during BIB milling. 
Because the originally frozen brine never showed foam structure before the sublimation tests 
(Figures II.52 and II.56.b-c), it indicates that in our experiments brine is never subject to 
critical heating during ion milling, even for very long period of BIB bombardment (up to 10h 
for serial cross-sectioning and for the preparation of very large cross sections). 
Ice crystallization can potentially damage microstructures by volume expansion (around 15%) 
during the transformation of saturated brine into hydrohalite and ice (Path 1 to 2 in Figure 
II.49.a-b). However fracturing in the surrounding grains was never observed (as in Schenk and 
Urai, 2006 and Desbois et al., 2008, 2012b). Heat diffusion calculations (see Appendix II.C) 
show (Figure II.58) that the centre of a single halite crystal slab at 293K is able to reach the 
temperature of 80K in 14.52 ms (Figure II.58.a) and 61.08 ms (Figure II.58.b) when plunge in 
slushy nitrogen for halite thickness of 1 mm and 2 mm giving an average cooling rate of 
14,669 K.s-1 and 3,487 K.s-1, respectively. 
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Figure II.58: evolution in time of temperature profiles  inside of a single crystal of halite (NaCl) 
plunge-frozen in slushy nitrogen. The profiles (1D model) are calculated by resolving the one-
dimensional equation of heat considering a single crystal of halite of 1 and 2 mm thick at room 
temperature (293K) plunged in slushy nitrogen at 77 K (see Appendix II.C for details). (a.) Temperature 
profiles obtained in a halite single crystal of 1 mm thick. The centre of the sample reaches the 
temperature of 80°K in 14.52 ms. (b.) Temperature profiles obtained in a halite single crystal of 2 mm 
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thick. The centre of the sample reaches the temperature of 80°K in 61.08 ms. For (a.) and (b.), each 
plotted profile is defined by its temperature reached at the centre for the indicated time of heat diffusion. 
(c.) Evolution of average cooling rate of halite as a function of the temperature reached both at the 
centre of the single crystal. The solid line with filled circles is for the halite single crystal of 1 mm thick, 
and the dashed line with empty circles is for the halite single crystal of 2 mm thick. 
 
In our model we neglected the possible effects of the Leidenfrost phenomenon and the thermal 
properties of brine in the sample. In slushy nitrogen, the Leidenfrost effect (Zhang & Gogos, 
1991; Desbois et al., 2008) is minimized because of slush and the total volume of the wet grain 
boundaries network is small in comparison to the total amount of pure salt. According to the 
literature (Moor, 1971; Shimoni and Müller, 1998; Studer et al., 1995), to avoid ice-crystal 
formation during freezing and thus avoid the damage of the grain boundary micro-structures, 
the temperature interval between 273 and 173 °K (where ice-crystals may form at ambient 
pressure) needs to be passed within 10-2 s which equals an average freezing rate of 10,000 K.s-
1. Thus, in our experiment (halite salt thickness of 1 mm), we can consider that the ice is 
amorphous since the calculated average cooling rate is much higher than required (> 30,000 
K.s-1 above 173 °K in Figure II.58.c). A salt sample of 2 mm thick appears to be the maximum 
thickness to fulfil efficient cooling rate in slushy nitrogen (cooling rate slightly below 10,000 
K.s-1 above 173 °K for 2 mm thick sample in Figure II.58.c). 
II.5.5.c. Healing of grain boundaries in rock salt 
Although the main objective of this paper is to detail the novel BIB-cryo-SEM machine, the 
post-mortem microstructural observations of deformed polycrystalline halite at different 
conditions call for comparison. Indeed, though the presence of numerous euhedral grains (S#1 
[e.g. Shenk & Urai, 2007 and Desbois et al, 2012b] and S#2), equigranular grains (S#2) and 
triple junction with 60° angle (S#2 and N#1; e.g. Desbois et al. 2010) point to recrystallized 
rock fabric in all studied samples, brine distribution and grain boundary morphologies are 
significantly different.  
Grain boundaries with isolated brine-filled inclusions in S#1 and N#1 samples (Figures II.53.b, 
e, k, l and II.70.b) are interpreted to reflect grain boundary healing driven by surface energy 
resulting in immobile grain boundary and then in the stop of deformation and recrystallization 
(Hickman and Evans, 1991; Visser, 1999; Schenk and Urai, 2004, Schleder and Urai, 2005; 
Schmatz, 2010; Desbois et al., 2012b). In addition, S#1 and N#1 samples give also evidence of 
significant amount of fluids distributed either in multiple µm2 grain junctions possibly 
connected by micrometer sized pore tubes in depth (Figures II.53.d, e and II.56.b, c) or 
continuous thin fluid films (Figure II.53.a, c). 
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In contrast, the grain boundaries in the S#2 sample show no evidence for such brine-filled 
isolated inclusions. Grain boundaries at grain-grain contacts appear dry and tight with 
thicknesses clearly below the SEM resolution (i.e. < 5nm, Figure II.53.g-j), only detectable 
because of the density phase contrast resulting from different crystallographic orientations of 
two adjacent grains (Figure II.53.g-j). In the S#2 samples, the voids are of few micrometers in 
size, localized almost at connected multiple grains junction (see Section II.5.4.b and Figure 
II.56.a) and are lacking for brine evidence and then interpreted to be dry; only rare voids with 
small euhedral crystals covering the intern walls (Figure II.53.i, j) are interpreted to record the 
early presence of brine (see Section II.5.4.b).  
The differences above are interpreted as following: 
In the one hand, the S#2 sample shows typical fabric of annealed aggregates of polycrystalline 
salt at high temperature (Piazzolo et al., 2006; Bourcier et al., 2012). Here, we suggest that the 
high pressure (from 0 to 4.5 GPa within 15s, see Section II.5.3.a), involved during the cold-
pressing, induced high grain friction during compaction which critically increased the 
temperature of the halite aggregate. The subsequent recrystallization proceeded at relative high 
temperature involving low halite-brine dihedral angle (Lewis and Holness, 1996) resulting into 
connected tubes and triple junctions network able to drain primary fluids of the initial mush 
out of the polycrystalline recrystallized aggregate. The post mortem aggregate appearing thus 
dry (Figures II.55.h and II.56.a). 
 In the other hand when recrystallisation occurs without critical annealing at lower differential 
stress (150 MPa for S#1 and maximum 4-6 MPa in N#1 [maximum deviatoric stress recorded 
by natural samples in salt glacier estimated by sub-grain size piezometry; Schleder & Urai, 
2005, 2007; Desbois et al., 2010] in controlled atmosphere or under natural conditions, 
respectively), the grain boundaries stay wet during recrystallization until the impingement of 
grains. The impingement controls the shape of brine-filled inclusions, prior the equilibrium 
state resulting in immobile healed grain boundaries, i.e. the deformation/recrystallization stops 
(Desbois et al., 2012b). Remaining continuous fluid films (Figure II.53.a, c) are interpreted to 
low mobility grain boundary (Desbois et al., 2012b). 
II.5.5.d. Application of BIB-cryo-SEM to other sedimentary rocks   
In this contribution, rock salt is used as a standard example to demonstrate the state-of-the-art 
BIB-cryo-SEM facilities. However, the BIB-cryo-SEM machine is also relevant to the study of 
hydrated, fine grained and low porous sedimentary materials like mudstones; the BIB-cryo-
SEM approach allowing characterizing hydrated and preserved microstructures (Desbois et al., 
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2008, 2009) in representative area (Desbois et al., 2009; Loucks et al., 2009; Houben et al., 
2013; Klaver et al., 2012; Hemes et al., submit) down to the scale of SEM resolution. 
Figure II.59 shows two different examples of the application of the BIB-cryo-SEM machine to 
a gas shale at room temperature (Figure II.59.a, b) and an under-saturated Boom Clay (Figure 
II.59c, d) at cryo-temperature. For both examples, pore morphologies related to mineralogy are 
clearly detectable with quality comparable with previous studies on comparable kind of 
samples at room temperature (Desbois et al., 2009; Loucks et al., 2009; Curtis et al., 2012; 
Houben et al., 2013; Klaver et al., 2012; Hemes et al., in press). In the case of Boom Clay 
(Figure II.59.c, d), remnant fluid-filled pores are detected by dark-grey pixels indicating pore 
(Figure II.59.c) and confirmed by sublimation process (1h at -80°C) which sublimated water 
phase within the same pore (Figure II.59.d).  
Serial cross sectioning was not yet performed on such samples but these first results (Figure 
II.59) show that the BIB-cryo-SEM has the potential to be applied to a large range of 
materials. In the future, biological sample will be also tested. 
 
 
 
Figure II.59: BIB-cryo-SEM applied to gas shale at room temperature (a. and b.) and to under-
saturated Boom Clay at cryo temperature (c. and d.). (a. and b.) In gas shale the BIB cross sectioning 
allow to investigate pore related mineralogy representative area down to the resolution of the SEM. (c. 
and d.) The BIB-cryo-SEM investigation of under-saturated Boom Clay allows detecting remnant 
natural fluid in pore from the clay matrix (c.) which has been removed by sublimation (d.). 
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II.5.6. Conclusion 
The BIB-cryo-SEM machine presented in this contribution is considered as the first generation 
of a novel multi-beam electron microscope including both broad ion beam and cryogenic 
facilities within a conventional SEM. Because of complementary and overlapping 
performances of the BIB-SEM method with FIB-SEM and X-ray tomography methods, the 
BIB cross-sectioning both enables refining the information about pore morphologies observed 
by X-ray tomography and allows targeting relevant and representative regions for FIB-SEM 
investigations. In geosciences, such an instrument is paving toward the microstructural 
investigation of preserved host and reservoir rocks on representative area (up to few mm2) 
from grain to the pore fabrics down to the state-of-the-art SEM resolution. The evolution of 
microstructures characteristics along the third dimension is enabled by serial cross-sectioning 
forming the basics of broad ion beam tomography in-situ SEM. 
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Appendix II.C 
Heat transfer calculation through a thin halite single crystal by the method of finite 
element 
 
To estimate the cooling of a polycrystalline salt sample, the evolution of temperature-profiles in time 
have been calculated by resolving the one-dimensional equation of heat diffusion (Equation II.2) 
considering a single crystal of halite of 1 and 2 mm thick at room temperature (293K) plunged in slushy 
nitrogen at 77 K. The temperature equilibrium being instantaneous at the surface of the halite crystal. 
The thickness of the halite sample being small (subset x in the following) in comparison with the other 
dimensions, the heat diffusion could be approximated by a 1D model. 
Therefore, the 1D differential equation to solve is: 
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λ: thermal conductivity; Cp: heat capacity; ρ: density, Dx: diffusion coefficient of heat along the 
direction x 
We solved equation (II.2) using the Finite Element method, where the equation II.2 given for continuous 
media becomes equation II.4 in discrete media: 
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et al., 1986; see table II.3). Table II.3 shows all parameters used for calculations.  
 
 
 
Table II.3: Estimation of halite heat diffusivity at 77K used for 1D cooling simulation in slushy nitrogen 
50 700 2170 1 1.00E-05 1.00E-06
Watson & Pohl (1995) Watson & Pohl (1995)
Handbook of 
Chemistry and 
Physics, 76th 
Edition. 4-85
2 5.00E+00 3.00E-05
!x (m) !t (s)
3.29E-05
Thermal conductivity 
at 77K (W.m
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Heat capacity at 77K 
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Estimated diffusivity 
at 77K (m
2
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)
Halite slab 
thickness (mm)
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 CHAPTER III:  
Characterization of porosity in low porous 
and low permeable clay-rich geomaterials  
etailed investigation of the morphology of the pore space in clay is a key 
factor in understanding the sealing capacity, coupled flows, capillary 
processes and associated deformation present in mudstones. Moreover, the 
development of new technologies to enhance unconventional clay-rich rock 
reservoir productivity could strongly benefit from a better resolution and imaging 
of the porosity. Because clays are water sensitive, clay minerals difficult to prepare 
in cross sections and relevant clay’s microstructures are mainly below micrometer 
scale, the imaging of porosity in clays remains challenging. The combination of ion 
milling tools (FIB and BIB), cryogenic techniques and SEM imaging offers new 
alternatives to study in-situ elusive microstructures in wet geomaterials to 
understand how fluids occur in pore space. By using this range of techniques, it is 
possible to quantify porosity in representative areas, stabilize in-situ fluids in pore 
space, preserve the natural structures at nm-scale, produce high quality polished 
cross-sections for high resolution SEM imaging and reconstruct microstructure 
networks in 3D by serial cross sectioning. The approaches developed in this 
chapter have the potential to bring out a new concept for porosity investigation by 
bridging the information based on microstructures at pore scale with macro-scale 
properties. 
This chapter includes three pionner publications: two about characterization of 
porosity in a fine-grained reference clay for research (Boom Clay, Belgium) and 
one about the characterization of porosity in a tight gas sandstone from the 
Rotliegend (Germany).  
 
I thank particularly SCK-CEN and ONDRAF-NIRAS (Belgium), as well as 
Wintershall Holding AG. These institutions funded projects about porosity 
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characterization in Boom Clay (Mol, Belgium) and tight gas sandstone from the 
Rotliegend (Germany), respectively. The paper about microstructures in tight gas 
sandstone from the Rotliegend reports on work done within the Wintershall Tight 
Gas Consortium at RWTH Aachen University. 
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III.1. Morphology of the pore space in clay stones - evidence from 
BIB/FIB ion beam sectioning and cryo-SEM observations 
Published as: Desbois G., Urai J.L. and Kukla P.A . (2009). Morphology of the pore space in 
clay stones - evidence from BIB/FIB ion beam sectioning and cryo-SEM observations. E-
Earth, 4 :15-22. 
 
Abstract  
The morphology of pore space has a strong effect on mechanical and transport properties 
of mudrocks and clay-rich fault gouge, but its characterization has been mostly indirect. 
We report on a study of Boom clay from a proposed disposal site of radioactive waste 
(Mol site, Belgium) using high resolution SEM at cryogenic temperature, with ion beam 
cross-sectioning to prepare smooth, damage free surfaces. Pores commonly have crack-
like tips, preferred orientation parallel to bedding and power law size distribution. We 
define a number of pore types depending on shape and location in the microstructure: 
large jagged pores in strain shadows of clastic grains, high aspect ratio pores between 
similarly oriented phyllosilicate grains and crescent-shaped pores in saddle reefs of folded 
phyllosilicates. 3-D reconstruction by serial cross-sectioning shows 3-D connectivity of 
the pore space. These findings offer a new insight into the morphology of pores down to 
nano-scale in comparison to traditional pore size distributions calculated from mercury 
Injection experiments, explain slaking of clays by successive wetting and drying and 
provide the basis for microstructure-based models of transport in clays. 
 
 
III.1.1. Introduction  
Mudrocks and clay-rich fault gouges are important mechanical elements in the Earth’s crust 
and form seals for crustal fluids such as groundwater and hydrocarbons. Other fields of interest 
are the storage of anthropogenic carbon dioxide and radioactive waste in geologic formations. 
In addition, coupled flows, capillary processes, and associated deformation are of importance 
in many applied fields, (Heidug and Wong, 1995; Mitchell, 1993). A key factor to 
understanding these processes is a detailed understanding of the morphology of the pore space. 
Classic studies of porosity in fine grained materials are performed on dried or freeze dried 
samples and include metal injection methods (Hildenbrandt and Urai, 2003), magnetic 
susceptibility measurement (Esteban et al., 2006), SEM (Hildenbrandt et al., 2005) and TEM 
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imaging (Henning and St¨ orr, 1986); but also neutron scattering (Knudsen et al., 2003), 
nuclear magnetic resonance (NMR) spectroscopy (Sozzani et al., 2006), and environmental 
SEM (ESEM, Montes et al., 2005). Confocal microscopy (Fredrich et al., 1995) and X-ray 
tomography (Zabler et al., 2008) are used to image porosity in coarse grained sediments but the 
resolution of these techniques is not sufficient at present for applications to mudrocks or clay-
rich fault gouges. Therefore, observations and interpretations remain difficult because none of 
these approaches is able to directly describe the in-situ porosity at the pore scale. In addition, 
some methods require dried samples in which the natural structure of pores may have been  
damaged to some extent due to desiccation and dehydration of the clay minerals. 
A recently developed alternative is to study wet samples using a high-resolution cryogenic 
SEM, which allows stabilization of wet media at cryo-temperature, in-situ sample preparation 
by ion beam cross-sectioning (Broad Ion Beam or Focussed Ion Beam; BIB, FIB) and 
observations of the stabilized microstructure at high resolution (Desbois et al., 2008; Matthijs 
de Winter et al., 2009). 
We applied the cryo-FIB-BIB-SEM method to investigate porosity in undisturbed samples of 
Boom clay (Mol site, Belgium), a proposed site of nuclear waste disposal (Boisson, 2005). We 
show that the FIB-cryo-SEM is an efficient method to study the undisturbed pore space at high 
resolution and suggest a simple model for porosity in Boom clay. 
III.1.2. Materials and methods  
We used undisturbed clay samples of Boom clay (Mol, Belgium, collected at depth 5.82 m–
5.98m above the HADES URF, Appendix III.A). Samples were sealed in aluminium safety 
bags directly after the sampling to preserve samples against dehydration and oxidation. A 
comprehensive summary of physical and chemical properties of Boom clay is given in Boisson 
(2005). We used a Zeiss FIB-cryo-SEM combination in NMI (Naturwissenschaftliches und 
Medizinisches Institut, Reutlingen, Germany) as described in Desbois et al. (2008), and a high 
resolution SEM and BIB at GFE, RWTH Aachen. Nitrogen was used to rapidly cool small 
samples (about 5 x 5 x 1 mm3, Appendix III.B) to vitrify in-situ pore fluids. The FIB ion-
milling tool located in the cryo-SEM chamber was used to prepare polished cross-sections and 
serial cross-sectioning, prior to high resolution imaging of porosity by cryo-SEM. For 
comparison we studied polished cross-sections (about 2mm2) from dried samples (at T = 105–
110 °C) prepared using a stand-alone BIB machine (cross-section polisher JEOL SM-09010; 
we used 6 kV voltage, achieving currents of about 150-200 nA). Water content of our samples 
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is 19–20 wt. % (i.e. water content porosity around 36 %), in good agreement with the value in 
Boisson (2005); hence shrinkage during drying was around 10 % in volume. 
III.1.3. Results  
III.1.3.a. Vitrified fluids in pores  
Figure III.1 shows a FIB-polished cross section (around 20 x 15 µm2) of a shock-frozen 
sample. There is no visible damage, and one clearly observes non-clay minerals surrounded by 
large pores and clay mineral aggregates containing smaller pores. Imaging the vitrified fluid is 
problematic at the highest magnification since the energy of the beam sublimes the fluids 
before an image can be recorded. 
 
 
 
Figure III.1: SEM image of FIB cross-section in Boom clay. In-situ fluids are clearly visible in the 
biggest pores. (a) Overview of the cross-section: the biggest pores are located around the non-clay 
minerals (Quartz = Qtz, Dolomite =Dol., K-Feldspar = K-feld) and the smallest pores in the clay 
aggregates (b) Focus on in-situ fluid. Grainy structures are due to the presence of organic matter in the 
fluid. (c) Focus on small pores region. Due to the sublimation effect related to the beam energy 
concentration at high magnification, these pores appear free of fluids. 
III.1.3.b. Freeze-drying  
Cryo-stabilization is a fundamental step to stabilize pore microstructures without damage and 
to image the pore fluid. However, the presence of fluid in pores is not required to study the 
morphology of porosity because an empty pore provides better SE contrast and a 3D view into 
the exposed pore. Hence, freeze-drying was performed by heating the vitrified sample after 
FIB sectioning, in the SEM chamber and under vacuum. Figure III.2 shows the area presented 
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in Fig. 1 after freeze-drying (-130°C to -80°C during 20 min., at 8x10-7 mbar). The fluid is 
removed from the pores, again without visible change of the grain microstructure. In the 
largest pores (Fig. 2) a nicely organized network of organic matter filaments remains: this 
material is interpreted to have been dissolved in the pore fluid. 
 
 
 
Figure III.2: Freeze drying of the FIB cross-section presented in Figure III.1. (a) Overview of the 
cross-section: the sublimation has removed fluids from the pores without damages of microstructures. 
(a) Focus on freeze-dried big pore. This pore is now free of fluid; the other phases were distilled during 
sublimation and remains as filaments. 
III.1.3.c. Morphology of individual pores  
Figure III.3 shows BSE and SE images of a dry sample sectioned by BIB. Drying and 
shrinkage reduce porosity, but we found no indication of changes in pore morphology by 
drying. As shown in Figs. 1 and 2, the largest pores are located around clast grains while the 
smallest are preferentially located between clay particles. Pores are preferentially oriented 
parallel to the bedding. SE imaging (Fig. 3) provides information on the morphology of the 
jagged pore walls and pore interiors. As far as can be seen in these sections, small pores are 
isolated while large pores show the pore throats connecting to neighboring pores. Pores 
commonly have sharp, crack-like tips. We distinguished 3 main types of pore morphology: (1) 
Type I – elongated pores between similarly oriented clay sheets, (2) Type II – crescent-shaped 
pores in saddle reefs of folded sheet of clay and (3) Type III – large jagged pores surrounding 
clast grains. Type III pores are typically >1um; Type II between 1 µm–100nm and Type I 
<100 nm, in agreement with the microstructural model of mudstones proposed by 
Hildenbrandt et al. (2005).  
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Figure III.3: SEM images of BIB cross-section on dried Boom-clay, perpendicular to the bedding. (a) 
SE image used to measure the visible porosity (=26.3 %) and the fractal dimension (1.82 – 1.91). (b) 
BSE image allowing identification of minerals phases. (c) SE image showing the three types of pore 
morphology identified in our sample (see details on figure). In all images, the bedding is vertical. 
 
III.1.3.d. Statistics on porosity and fractal dimension  
FIB- polished cross sections (about 10 µm2; Fig. 4a) cut perpendicular to bedding and freeze-
dried in the SEM allow the distribution, orientation and shape of pores to be determined by 
imagery. Noise was reduced and the images were threshold using Photoshop 8.0 followed by 
analysis using the ImageJ 1.38x— software (Abramoff et al., 2004). Objects less than 6 pixels 
in area (pixel dimension is 12.5 nm) were interpreted as noise and not included in the analysis.  
Results are summarized in Fig. 4 for a population of 2320 pores. The distribution of pores is 
unimodal, 87 % of the pores have an equivalent radius less than 100 nm and the total porosity 
is 20.4 %. Pores with a radius less than 100 nm comprise 40 % of the total porosity. The shape 
of the pores is mainly elongated (average form factor 0.59) and orientation is close to the 
bedding. The porosity resolved in this image can be fitted by a power law (Appendix III.C) for 
pore sizes between rmin = 37.5 and rmax = 125 nm (Fig. 4e). This suggests fractal scaling of the 
pore space in Boom clay. The power law exponent (fractal dimension) is between 1.78 and 
1.90, depending on the exact choice of rmax. A similar approach was also used for the dried 
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sample (Fig. 3a) with a porosity of 26.3% and a fractal dimension ranging from 1.82 and 1.91 
for pore size between rmin =12 and rmax =35 nm. 
 
 
 
 
Figure III.4: Statistical study of the porosity in Boom clay inferred by cryo-SEM. (a) SEM image of the 
studied area, (b) Number of pore as a function of the pore size, (c) Form-factor distribution, (d) 
orientation of the pores, (e) fit of a power law model to our data and (f) evolution of the porosity as a 
function of bound-water layer thickness. N is the number of pores. 
III.1.3.e. Anisotropy of pore space distribution  
SEM imaging on large (800 x 260 µm2) BIB polished cross-sections on dried Boom clay 
samples (cut perpendicular to bedding) shows a strong anisotropy of the pore shapes, the pore 
network being mainly connected parallel to the bedding. In order to study the undisturbed wet 
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pore space in 3-D, a serial cross-sectioning procedure was performed using the FIB-cryo-SEM. 
Resulting slices are 500 nm thick. Figure III.5 shows the reconstruction of the porosity in 
depth (over 3 µm) around a quartz grain. It confirms the strong connectivity anisotropy 
observed in dried samples and gives direct evidence that the largest pores surrounding the 
quartz grains form a connected “backbone” of 100 nm to several microns thick mainly oriented 
parallel to bedding. Interconnectivity is difficult to analyze for the smallest pores because of 
aliasing (the current distance between slices is 500 nm, but this can be reduced to less than 20 
nm).  
 
 
 
Figure III.5: FIB serial cross-sections around a quartz grain in Boom-clay, perpendicular to the 
bedding. The slice thickness is 500 nm. (a) Initial SE pictures and, (b) segmented pictures. The porosity 
is mainly connected along the direction parallel to the bedding. 
III.1.4. Discussion and conclusions  
III.1.4.a. Validation of the BIB-FIB-cryo-SEM approach  
The use of the BIB-FIB milling tools obviously produces very high quality cross-sections 
without damage to investigate the pore network at high resolution without damage and fine 
slices for 3-D reconstruction allowing investigation of the pore network of mudrocks at high 
resolution. This contribution confirms that plunge-freezing in nitrogen well-freezes the pore 
fluids and that the cooling-rate is fast enough to avoid the formation of ice crystals which tend 
to damage the microstructure (Karlsson, 2002). Vitrification in nitrogen is an accepted 
technique for freezing biological samples without damage (Echlin, 1978; Marko et al., 2007). 
Up to now, cryo-SEM applications in Geosciences are restricted to fluid inclusions and 
wettability studies (Mann et al., 1994; Schenk et al., 2006; Vizika et al., 1998) without 
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demonstrating the efficiency of the vitrification. Delage and Pellerin (1984) for clays and 
Desbois et al. (2008) for wet halite have demonstrated that samples about 1 mm thick as used 
in our experiments offer a good compromise between the workable sample volume and 
geometrical considerations to vitrify the fluids. Although, vitrification of our samples is not 
fully validated, the present observations agree with the absence of damage. Further work on 
demonstrating this is in progress. 
III.1.4.b. Porosity  
Our SEM - measured porosity (φcryo-SEM = 20.4 % in freeze dried samples, 26 % in dried 
samples) agrees quite well the porosity based on mercury porosimetry data (φHg = 24 - 27% in 
dried samples) for similar Boom clay samples though our measurement based on cryo-SEM 
experiment trends to give a lower porosity value. However, our SEM-measured porosity is 
much lower than the water content porosity (φWC = 36%; Boisson, 2005). Several reasons 
explain this discrepancy. First, the resolution of the SEM is about 10 nm although pores as 
small as 0.5 nm do exist as shown by other methods including mainly TEM. Extrapolation of 
the power law pore size distribution to values below the limit of resolution suggests that e.g. a 
sample with 20 % resolved porosity has 2 % porosity not resolved by this method. In addition, 
the tips of crack-shaped pores and the films of clay-bound water at grain boundaries and inside 
smectite grains are also not resolved fully; accounting for this gives another 8 %. Thus, 
although our FIB-cryo-SEM approach is suitable for investigation of meso-porosity only, by 
making reasonable assumptions we can estimate the full porosity. However, for our freeze-
dried sample this is still much lower than the average value of φWC = 36%. In the dried sample, 
after correction for the unresolved pores and keeping in mind the possible artifacts produced 
by mercury injection such as pore collapse (Hildenbrand and Urai, 2003; Majling et al., 1995) 
the porosity is in reasonable agreement with the water-content-porosity. We interpret this 
discrepancy to be due to the size of the analyzed samples. Mercury injection and water content 
measurement are typically performed on cm3 samples and the areas analyzed here are on the 
order of 10 µm2. The size of a representative elementary volume for porosity in Boom clay is 
still to be determined, but future representative measurements will require study of larger 
sections.  
III.1.4.c. Fractal dimension and pore space modeling  
For the fractal dimension of the 2-D apparent porosity we get similar results on dried and wet 
samples. This suggests that the shrinkage affects the volume of pores but not their size 
distribution. The calculated fractal dimension (D=1.8–1.9) is valid in the range between 12 and 
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125 nm. Geological porous media (Daccord and Lenormand, 1987; Krohn and Thompson, 
1986; Rieu and Sposito, 1991) have been shown to have a fractal distribution of porosity. This 
paper is the first evidence that porosity in a clay material has a fractal distribution, and 
demonstrates the usefulness of our BIB/FIB-cryo-SEM technique for meso-porosity 
investigation in such rocks. The calculated fractal dimension (D = 1.8 – 1.9) is close to the 
fractal dimension of the Sierpinsky’s carpet (D = 1.89). In Rieu and Sposito (1991) it is 
suggested that soils may be modeled by the Menger’s sponge (D = 2.73), which is the 3-D 
version of the Sierpinsky’s carpet. Unfortunately, the observation of the strong anisotropy of 
the pore distribution and the interconnectivity (Fig. 5) does not corroborate this simple 
suggestion for Boom-clay. 
III.1.4.d. Implications  
The high slaking tendency of argillaceous rocks increases with the content in smectite content 
and with the presence of soluble minerals (Sadisun et al., 2005). We propose that the flat, 
crack-like pore morphology will induce high capillary forces in these pore- tips if a dry sample 
is re-wetted, resulting in mechanical damage and destruction of the fabric by successive drying 
and wetting.  
It is well known that water content porosity in claystones does not reflect the effective porosity 
(i.e. the porosity accessible to free-water) because thin layers of clay-bound water cover the 
pore-walls (Saarenketo, 1998). Figure III.4.d shows a model of effective porosity in our 
samples as a function of the bound-water layer thickness, using the segmented image from Fig. 
4a. We can see that increasing the thickness of the boundwater layer decreases the effective 
porosity as a semi-linear function, suggesting that with increasing bound-water layer thickness 
pores usually do not segment into smaller ones. Following (Saarenketo, 1998; Nakashima and 
Mitsumori, 2005) typical bound water is 2–6 nm thick. Thus, the effective porosity represents 
between 90 and 70% of the porosity imaged in this paper (clay bound water is also present in 
the pores too small to be imaged). 
III.1.4.e. The potential of the BIB-FIB-cryo-SEM method  
Application of the BIB-FIB-cryo-SEM method to study the porosity in clay-rich materials is 
clearly relevant for waste disposal, hydrocarbon production, basin modeling, fault zone studies 
and others. It has the potential to open a new field of investigations, producing an atlas of 
accurate, 3-D pore models of mudstones. This method offers a powerful combination for direct 
and in-situ investigations of the elusive structures in clay materials at pore scale opening a new 
field of investigations to study relation between nanostructures and macro-properties which are 
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poorly understood at present. As far as we know, this is the first time that fluids were directly 
imaged in in-situ conditions in mudrocks, offering new insights for the study of fluid- rock 
interaction (osmotic effect, ion exchange, pore alteration), especially if the BIB-FIB-cryo-
SEM is coupled to chemical composition analysis tool (EDX, SIMS). The reduction of the 
slice thickness (down to 20 nm) will produce high-resolution models of pore space with the 
possibility to model fluid flow and microstructure-based models of transport in clays (Fredrich 
and Lindquist, 1997; Bons et al., 2008). This will provide a unique opportunity to model the 
flow through in-situ pore network, study the in-situ effective interconnectivity and verify the 
viability of our proposed clay fractal model. 
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Appendix III.A 
The exact reference of the Boom clay sample  
Boom clay / Mol site / HADES borehole 2003-9 / connecting gallery / Ring13U/ 5.82m to 5.975m 
above the Hades URF (intrados).  
 
Appendix III.B 
The procedure for the preparation of the small Boom clay samples  
In order to achieve a rapid cooling for efficient vitrification and to fit the SEM-sample holder 
dimension, the Boom clay samples were prepared in small pieces (about 5x5x1 mm3).  Because the 
Boom clay material is soft but brittle, the small samples can be easily split from a larger block by 
fracturing initiated with a fine scalpel notch and in few minutes to minimize the dehydration. This 
procedure provides small samples without any visible damage at the pore scale. 
 
Appendix III.C 
Definition of the 2D apparent fractal dimension  
Fractals concept has been also applied to describe the distribution of 2-D apparent pore cross sections. 
Any fractal feature is characterized by a (Haussdorf) fractal dimension D, which can have any value 
between 0 and the Euclidian dimension in which the object is embedded (Ruffet et al., 1991; Feder, 
1988). A fractal set is defined by the following equation (Pfeifer and Obert, 1989): D
i
rC
i
N =  (or 
alternatively 
! 
Log N
i( ) = "DLog ri( ) + Log C( ), Equation III.1) where Ni is the number of pores with 
the characteristic linear dimension ri (i.e., here, the disk equivalent radius), and C is a constant of 
proportionality. According the Equation III.1, the fractal dimension was obtained as the slope of the 
Log-Log plot of measured Ni as a function of ri. Systematic deviations from the power law form define 
the range where the fractal dimension is valid defined by the length scales rmin and rmax. At short-length 
extremes, the data are limited by the microscope resolution and the picture’s noise; at long-length 
extremes, the data are limited by the fact that the investigated area is not endlessly. 
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III.2. Nm-scale pore fluid distribution and drying damage in 
preserved clay cores from Belgium clay formations inferred by BIB-
cryo-SEM 
Submitted as: Desbois G., Urai J.L., Hemes S., Brassinnes S., De Craen M., Sillen X . 
(submit.). Nm-scale pore fluid distribution and drying damage in preserved clay cores from 
Belgium clay formations inferred by BIB-cryo-SEM. Submitted to Engineering Geology 
 
 
Abstract 
Thanks to its low permeability and self-sealing properties in natural conditions, Boom 
Clay is considered as a potential host rock in Belgium for nuclear waste disposal in a deep 
geological formation. One of the keys to understand the long-term performance of such a 
host rock is the fundamental understanding of coupling between microstructural 
evolution, poromechanical behaviour and the state of hydration of the system. For fine-
grained clays, most traditional methods for microstructural investigations do not allow at 
the same time in situ imaging of porosity in a representative area (or volume) down to 
pore scale resolution and pore fill. Moreover, clay microstructures are very sensitive to 
dehydration, questioning the validity of investigations done on dried samples. This 
contribution reports on the distribution of in situ pore-water in preserved clay cores from 
Belgium (Boom Clay at HADES URF level and clay from the Pittem Member of the Gent 
Formation) and identification of typical pore-scale damage induced by drying. 
BIB-cryo-SEM shows that the majority of the visible pores visible with SEM (> 50 nm) 
does not contain fluid, suggesting that the water content measured by weight loss is 
located in clay aggregates, in pores < 50 nm.  
Because fluid-free pores are not expecting in situ clay formation, we conclude that the 
procedure used to preserve the original clay cores is not fully efficient. Observations of 
evolution of microstructures before and after drying by sublimation of water point to four 
types of typical drying damage driven by the shrinkage of clay particles. On the one hand, 
quantification of pore size and pore morphologies before and after drying indicates no 
significant change in statistical pore characterization, suggesting that quantitative pore 
morphology studies on large number of pores performed on dried samples are 
representative of the preserved core samples. On the other hand, the drying damage 
observed in this contribution is proposed to be responsible of the changes of fluid flow 
properties typically measured by other authors on preserved and dried specimens of clays. 
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III.2.1. Introduction 
Thanks to their low permeability and self-sealing properties in natural conditions, clays are of 
major importance for society, because they are considered for nuclear waste disposal in a deep 
geological formation. In addition, a good understanding of their chemical, physical and 
mechanical properties is essential for reservoir development in the unconventional gas 
industry. Bulk mechanical and fluid flow properties of such rocks are widely documented and 
investigated. However, much less is known about the impact of microstructures on these 
properties. Indeed, the coupling between the microstructural evolution, the poromechanical 
behaviour and the state of hydration of the system is still elusive, but required to establish 
reliable constitutive laws for the estimation of chemical, physical and mechanical properties 
(Fanchi et al., 2010; Savoye et al., 2011; Robinet et al., 2008) at long term (ranging from 1ka 
to 1Ma in the case of nuclear-waste geological disposal). 
 
In clays, porosity at grain boundaries is one of the fundamental parameters, defining the hydro-
mechanical properties of the material (Medina et al., 2011). 
Unfortunately, for clays, most traditional methods fail to directly image at the same time the 
porosity in a representative area (or volume) down to pore scale resolution and pore fill. 
Moreover, the microstructures within clay, involved in clays, are very sensitive to dehydration, 
questioning the validity of investigations done on dried samples.  
 
Characterization of different aspects of porosity can be performed by different techniques, 
such as: X-ray computer tomography (micro-CT) scanning (Honarpour et al., 2003; Tono & 
Ingrain, 2008), magnetic resonance imaging (MRI) (Pape et al., 2005), particle size analysis, 
point counting based on petrographic thin sections, environmental scanning microscopy 
(ESEM) (Tiab and Donaldson, 1996; Wang et al., 2013), X-ray diffraction (XRD) (Ward et al., 
2005), X-ray fluorescence (XRF) (McCann, 1998), confocal scanning laser microscopy 
(CSLM) (Menendez et al., 2001) and Mercury Porosimetry (Favvas et al., 2009). 
Traditional epoxy-resin impregnation is usually not suitable for preservation of in-situ 
microstructures in clays. However, some novel impregnation resin methods based on 14C-
MethylMeth-Acrylate (14C-MMA) resin (Hellmuth et al. 1993; Siitari-Kauppi, 2002; 
Sammartino et al., 2002; Prêt et al., 2004; Sardini et al., 2009) have been developed to 
preserve in-situ microstructures and image very small pore connectivity (down to nm pore 
diameter; Sardini et al., 2009). Autoradiography of such impregnated samples allows 
quantification of porosity as a function of the mineralogy (Sardini et al., 2009; Prêt et al. 
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2010), but the quality of images is not sufficient to access the morphology of individual pores 
in 2D cross s. 
Because X-ray µ-tomography does not require dried samples, this technique is also good for 
the 3D investigation of hydrated samples (Onaisi et al., 1993; Otani & Obara, 2004; Van Geet 
et al., 2005). X-ray tomography can furthermore scan deforming samples to investigate 
microstructural changes during loading and fluid circulation (Renard et al., 2004; Renard, 
2012; Borthwick et al., 2005), thus providing 4D microstructural data. Some on-going 
developments of X-ray-tomography allow tracking the 3D distribution of fluids within the 
porous network (Prodanovic et al., 2007; Berg et al., 2013) and pave the way for possible 
studies of the dynamic redistribution of fluids as a function of loading. 
At smaller scale, about 15 years ago, few laboratories started using a cryogenic SEM on 
fractured samples (cryo-SEM, initially developed for biological specimen; Echlin 1978; 
Sargent, 1988; Erlandsen et al. 1997; Fauchadour et al. 1999; Walther & Muller 1999; 
Frederik & Sommerdijk 2005; Marko et al. 2007), to access the fluid distribution (Fassi-Fihri 
et al. 1992; Mann et al. 1994; Chenu & Tessier 1995; Robin et al. 1995; Tritlla & Cardellach 
1997; Durand & Rosenberg 1998; Shepherd et al., 1998; Vizika et al. 1998; Barnes et al. 2003; 
Negre et al. 2004; Kovalevych et al. 2005, 2006; Schenk et al. 2006) related to 
microstructures, preserved as in natural hydrated conditions. The authors above validated their 
method, but the observations made on fractured surfaces were difficult to interpret and 
therefore experiments were stopped. Recently, the development of ion-beam techniques (Ga+- 
Focussed Ion Beam [FIB] and Ar-Broad Ion Beam [BIB]), directly implemented within SEM 
allows investigating representative, preserved high-quality cross-s towards  microstructural 
quantification (Holzer et al., 2007, 2010; Desbois et al., 2008, 2009, 2012a+b, 2013; Keller et 
al., 2011, 2013). 
 
At in situ conditions, Boom Clay and Ypresian clay-rich sands are nearly saturated with water, 
in the range of 95-100 % (SCK-CEN, 1997) and in the range of 94-98% (Van Marcke & 
Laenen, 2005), respectively. Sample cores stored for research are assumed to be preserved as 
in situ. An early contribution by Desbois et al. (2009) showed for the first time the possibility 
to image fluid-filled porosity in preserved Boom Clay, by using the FIB-cryo-SEM technique. 
Recent development of BIB facilities implemented within a cryo-SEM (Desbois et al., 2013) 
demonstrated that BIB-cryo-SEM is also suitable to investigate preserved fine-grained 
geomaterials, but on much larger (representative) high quality cross-s. However, surprisingly 
in Desbois et al. (2013), a preliminary result on a different Boom Clay sample, shown that the 
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majority of the pores were fluid-free, contrasting definitely with early result in Desbois et al. 
(2009). 
 
This contribution is a follow-up study of Desbois et al. (2013), focusing on the study of 
porosity microstructures in different preserved clay cores from Belgium (two cores from Boom 
Clay at the HADES URF level and one core from the Pittem Member of the Gent Formation), 
using the BIB-cryo-SEM. The major aim is to describe the distribution of in situ pore-water in 
these preserved clay samples. In situ SEM drying of samples by sublimation and comparing 
the same microstructures before and after drying will also contribute to identifying typical pore 
damage, induced by drying at the scale of the SEM resolution. 
 
 
 
Table III.1: Sample description and related water weight contents 
III.2.2. Samples and methods 
III.2.2.a. Subsamples from clay drill-core samples 
In this contribution, four clay samples from Belgium were investigated (Table III.1).  
Three of these samples are small samples (5x5x1 mm3), subsampled from three different drill-
cores (10 cm in diameter and about 30 cm long) using a razor blade in less than 2 minutes after 
opening the drill-core sample bags and before the samples were plunge-frozen in slushy 
nitrogen (see section III.5.2.c). The drill-cores were received vacuum-packed in Al-coated-
poly-ethylene barrier foil (Type LOB/39, vapor permeation <0.04g.m-2.day-1). 
Two of the drill cores were collected from two surface drilling campaigns. The first one was 
taken at the Kallo-2 borehole (Sample reference: BK/2/1/a1/254.8-255, Table III.1). 
Stratigraphically, this sample is located in the Pittem Member of the Gent Formation (Ieper 
Group, Eocene age) and it is known as a sand containing clay with clay-rich lenses along the 
#
Sample name used in 
this study
Date of sample 
collection and storage in 
Al-barrier foil
Date of BIB-cryo-SEM 
experiment
 Sample reference Sample facies
State of the analyzed 
sample
Water weight content 
(%, see figure 1)
Water weight porosity (%; 
; calculation based on De 
Craen et al., 2004)
1 remolded April/May 1997 14/9/2012 ON/MOL-1/196 -
Water-re-hydrated mud 
of desaggregated Boom 
Clay
39.2 63
2 BC-1 April/May 1997 4/5/2012 ON/MOL-1/196
Clay - Putte 
member of the 
Boom formation     
(HADES Level, 
Oligocene age)
Naturally hydrated 
sample packed in Al-
barrier foil
16.7 34
3 BC-2 9/10/2012 27/11/2012
CG/R70W-71/13.1-
core13.1/12.60-12.65
Clay - Putte 
member of the 
Boom formation     
(HADES Level, 
Oligocene age)
Naturally hydrated 
sample packed in Al-
barrier foil
13.3 29
4 PC 13/08/2010 27/9/2012 BK/2/1/a1/254.8-255
Clay-rich sand -  
Pittem member of 
the Gent formaion 
(Ieper Group, 
Eocene age)
Naturally hydrated 
sample packed in Al-
barrier foil
18.3 -
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bedding. The subsample studied in this contribution was collected from one of these clay 
lenses. The second one comes from the Mol-1 borehole and sampled at about the same level as 
the HADES URF (Underground research Facility, Mol; sample reference: ON/MOL/1/196, 
Table III.1). Stratigraphically, this sample is located in the Putte Member of the Boom 
Formation (Oligocene age) defined as a homogeneous clayey unit. For convenience (Table 
III.1), these samples are named PC and BC-1, respectively. The depth of the PC sample is 
between 254.8 m and 255 m and about 196 m for the BC-1 sample.  
The third drill-core is derived from a horizontal borehole directly drilled from the HADES 
URF in the connecting Gallery Ring 70-71 (Horizontal borehole towards the west). The 
sample is taken from core 13, at a distance of 12.60-12.65 m from the gallery (intrados), 
considered to be outside the excavation damage zone (EDZ) of the main gallery. The full 
sample reference is CG/R70-71W/12.60-12.65, but it is renamed BC-2 in this contribution. 
Stratigraphically, the BC-2 sample is located in the Putte Member of the Boom Formation 
(Oligocene age) defined as a homogeneous clayey unit; as the BC-1 sample.  
The three samples above are considered as preserved in situ samples and are used to 
investigate the in-situ pore water distribution in drill-core samples. 
Table III.1 indicates also for each sample the date of coring, and the date of the BIB-cryo-SEM 
investigation (see section III.2.2.c). Therefore, the time-spans between the date of core drilling 
and the experiment are between 2 months, 2 years and 15 years for the BC-2, PC and BC-1 
samples, respectively. 
The fourth sample is based on material from the BC-1 drill-core. A part of the BC-1 sample 
was reserved to undergo three successive cycles of drying in furnace at 100°C and rewetting in 
distilled water within an ultrasonic bath. After an additional last drying, this produces a 
powder of disaggregated clay, which is then rewetted in distilled water to provide a 
“remolded” sample (Table III.1). Thus, we are sure that the remolded sample is a fully 
saturated sample to be compared with the natural “preserved” samples (BC-1, BC-2 and PC). 
III.2.2.b. Measurement of sample’s water weight content 
Subsamples of about 2 cm3 in size, comparable to samples described in section III.2.2.a, were 
dried at room temperature (RH ~ 60%) to measure water weight content and estimate the water 
weight porosity. Water weight losses were monitored in time by weighing the samples with an 
electronic balance (Kern, ABJ-220-4M, resolution of 0.1 mg). For each sample, the loss in 
weight was measured until the water weight loss reached its maximum (Figure III.6). The 
estimation of water weight porosity from water weight content is calculated based on the grain 
density of the bulk samples (2.65 g/cm3 for BC-1 and BC-2 samples after De Craen et al., 
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2004; no data available for PC sample) and the density of the pore fluid (1.019 g/cm3 for BC-1 
and BC-2 samples after De Craen et al., 2004; no data available for PC sample). 
 
 
 
Figure III.6:  Evolution of water weight content measurement in air at room temperature with time for 
samples Remoulded, BC-1, PC and BC-2 
III.2.2.c. BIB-cryo-SEM 
The original concept of the BIB-cryo-SEM allows preparing a representative high quality 
cross-section (mm2 in size), inside a scanning electron microscope (SEM), using a noble gas 
(argon) ion-beam at cryogenic temperature (cryo) to investigate fluid-saturated microstructures 
in-situ and at SEM resolution. A detailed description of the BIB-cryo-SEM machine used in 
this study (at RWTH Aachen university, Germany) is given in Desbois et al. (2013). The 
following description is a brief summary of the key points of the BIB-cryo-SEM procedure. 
Figure III.7 gives a schematic drawing of the full BIB-cryo-SEM experiment from the 
subsampling of the drill-core to the imaging of microstructures at cryogenic temperature in 
BIB cross-sections produced inside the SEM. 
• Cryogenic quenching 
The PC, BC-2 and BC-1 sub-samples (about 5 x 5 x 1 mm3 in size, see section III.2.2.a) were: 
(a) fixed on a copper stub (with a 30 ° angle) with cryo-gel (O.C.T™ compound, Tissue-Tek®) 
at room temperature; (b) plunge-frozen and stirred in slushy nitrogen to minimize the 
Leidenfrost effect (Zhang & Gogos, 1991; Desbois et al., 2008, 2013); (c) transferred from the 
slushy nitrogen bath to the cryo-preparation chamber, by using the specimen transfer device, 
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operating at cryogenic temperatures and at vacuum conditions; (d) coated with platinum (15 A, 
50sec.) at cryogenic temperature and; (e) transferred from the cryo-preparation chamber to the 
SEM sample cryo-stage, ready to be BIB cut at cryogenic temperature in-situ SEM. 
The preparation of the remoulded sample for the BIB-cryo-SEM experiment follows the same 
procedure above excepted that the piece of ‘mud’ is self-stabilized without using cryo-gel to 
fix the sample on the copper stub. 
• In-situ SEM BIB cross sectioning at cryogenic temperature 
In this contribution, in-situ BIB cross-sectioning is used as described in Desbois et al. (2013). 
After introduction of the Pt-coated frozen sample, mounted on the copper stub (see section 
III.5.2.c) onto the sample stage inside the SEM chamber (-160°C), the region of interest to be 
BIB cross-sectioned is placed at the SEM stage rotation axis (Figure III.7). Using a three axes 
Cartesian manipulator, the edge of a Ti-mask is first placed at the same working distance as 
the region of interest (Figure III.7) and then approached to less than 40 nm distance from the 
specimen surface (an ion milling resistant mask, made of titanium, is used to split the beam in 
two, to produce a sharp-edged beam for flat cross- sectioning). The SEM stage is tilted to -18° 
in order to align the BIB with the top surface of the Ti-mask. The coincidence point of the 
electron beam and the BIB at the region of interest is reached for a working distance of about 
17 mm. To minimize curtaining effects on the cross section surface, the SEM stage oscillates 
between ± 30° around the SEM stage rotation axis, during BIB milling., The Cartesian nano-
manipulator is gravity compensated and has a closed loop position holding system, to avoid 
drift of the Ti-mask positioning during rotation of the SEM stage.  
Each BIB cut is performed for 2h 30min at 10 kV to produce a single cross-section. During the 
entire procedure described above, the SEM sample stage is at a temperature of -160°C. 
• SEM-imaging of microstructures 
After BIB milling, microstructures in BIB cross-sections are SEM-imaged at 1.5 kV and a 
working distance of 4 mm, using an aperture of 30 µm (Figures III.8- III.13). BIB cross-
sections are not metal-coated. 
Heating of the cryo-sample stage from -160°C to +20°C for about 2 hours at 6.10-5 mbar was 
done after cryo-BIB-SEM in order to sublimate water phases (Schenk et al., 2006; Desbois et 
al., 2008, 2012a+b, 2013). Selected regions of the BIB cross-sections were imaged before and 
after sublimation (Figures III.8- III.13) to firstly image pore water and secondly evaluate 
eventual changes in pore microstructures. 
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Figure III.7: Schematic procedure of BIB-cryo-SEM investigation of preserved specimen of original 
Boom Clay cores. At room temperature, original Boom Clay cores are unpacked from Al-barrier foils 
either to subsample directly specimens of about 5x5x1 mm3 in size (i.e. BC-1, PC and BC-2 samples) or 
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to subsample clay material to provide synthetic hydrated mud of disaggregated Boom Clay (i.e. 
Remoulded sample). Both types of specimen are quenched in liquid nitrogen (LN2, -193K) and then 
transferred to the BIB-cryo-SEM as detailed in Desbois et al. (2013) to be BIB cross-sectioned at 
cryogenic temperature (-160°C) within SEM. After 2.5 hrs. of cross-sectioning, preserved pore 
microstructures are imaged at cryogenic temperature (-160°C) within SEM. After sublimation of water 
phase within SEM, same microstructures are imaged at 20°C within SEM. For more details, please 
check the manuscript. 
 
 
 
Figure III.8: Overview of a typical BIB cross section performed at cryogenic temperature (-160°C). 
The polished area results in an 2D high quality flat surface with a pseudo Gaussian shape, which allows 
investigating microstructures down the resolution of SEM. High relief area below the BIB cross section 
corresponds to sample’s region which is only partly abraded during BIB cross-sectioning. 
 
III.2.2.d. Segmentation of porosity in SEM images 
Pores present in the regions of the BIB cross-sections (PC, BC-2 and BC-1 samples), imaged 
before and after sublimation, are segmented in order to quantify eventual changes in pore 
morphology with respect to drying (Figure III.13).  
The pore segmentation was done with the help of an image segmentation algorithm in 
MATLAB (Mathworks, 2011) specially designed for BIB-polished SE2 images (Kempin, 
2012). This method allows segmenting pores in a systematic, fast and reproducible way. The 
automatic segmentation results are afterwards checked manually and corrected, if necessary 
(up to 15 % of the automatically segmented pores had to be manually corrected in this 
contribution). 
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The segmentation of porosity results in binary images with pores shown in black (Figure 
III.13). Each pore is subsequently analyzed in MATLAB (MathWorks, 2011) using PolyLX 
(Lexa, 2010) to calculate morphological parameters, like pore perimeter (P), pore area (A), 
length of the pore’s longest axis (L) and length of the shortest axis (W). These parameters are 
needed to calculate circularity (4πA/P2) and the inverse of the axial ratio (1/AR=W/L) 
(Underwood, 1970; Russ & Dehoff, 2000). Pore area, inverse of axial ratio and circularity are 
the parameters used to quantify the impact of drying on the pore morphologies in each 
subsample, by comparing the probability of finding such a bin-classified parameter (the bin-
size doubles for each consequent bin [Adamic & Huberman, 2002] for the analysis of pore 
area, whereas a fixed bin-size of 0.1 is used for the analysis of the inverse of the axial ratio and 
the circularity), before and after sublimation (Figure III.14). 
III.2.3. Results 
III.2.3.a. Water weight contents 
All samples investigated in this contribution contain a significant amount of water. 
The samples BC-1, BC-2 and PC were measured to contain 16.7%, 13.3% and 18.3% of water 
in weight, corresponding to values of 34%, 29 % of water-weight porosity, for BC-1 and BC-2 
samples (Table III.1). The lack of data in literature for the Pittem Clay does not allow 
estimating equivalent water weight porosity for the PC sample. 
In comparison, the remolded sample contains about twice the amount of water as the samples 
BC-1, PC and BC-2. The remolded sample was measured to contain 39.2% of water in weight, 
i.e. 63% of water-weight porosity (Table III.1). 
III.2.3.b. Pore-water distribution 
Pore water was detected by microstructural comparison between two SEM images of the same 
region of interest taken before and after the sublimation process (Desbois et al., 2009, 2012a, 
2013). Each region of interest was imaged at magnifications between 14,000x and 60,000x and 
located within the polished area of the BIB cross-section (Figure III.8). 
• Remoulded sample 
Before the sublimation process, the polished area of the BIB cross-section shows a relatively 
flat and homogeneous surface where the empty pores, if they exist, are not visible (Figure 
III.9.a, c, e). The most remarkable topography is an oblique curtaining of the surface, which 
appears in parts of the imaged areas (Figure III.9.a, c, e). After sublimation, most areas that 
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exhibited curtaining prior sublimation are pores (Figure III.9.b, d, f). Because in this 
experiment only water phases are sublimated (Desbois et al., 2013), holes appearing in images 
after sublimation were filled with pore-water before sublimation. Sublimation of samples left 
behind non-clay clasts (mainly quartz, calcite and mica in Figure III.9.b, d, and f, respectively) 
and clay material, as compacted clay-rich regions or hairy/fibrous clay (Figure III.9.a-f). We 
interpret the regions of compacted clay to remnant pieces of the original clay core, which were 
not fully disaggregated during the preparation of the remolded sample. In contrast the 
hairy/fibrous clay represents the fully disaggregated clay particles mixed in distilled water 
(Figure III.7). 
 
 
 
Figure III.9: Typical BIB-cryo-SEM observation on remoulded sample on same sample’s region before 
(left column) and after (right column) drying by sublimation. Dashed lines in yellow indicate non-clay 
grain boundaries and circles in red point to a region of compacted clay interpreted as a relic of non-
disaggregated Boom Clay. Before drying, inter-non-clay-grain space is filled with frozen water (a, c, e). 
Drying up to 20°C at a pressure of 6.10-5 mbar removes water phase by sublimation (b, d, f) confirming 
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the presence of early frozen water by comparison with figures in the left column. Early presence of 
water is also often suggested by significant curtaining of frozen water (a, c, e). Hairy illite is typically 
mixed with early water. 
• Preserved core samples 
At first glance (Figure III.10), overall microstructures in BIB cross-sections for BC-1 and BC-
2 samples are comparable to typical fabrics of Boom Clay prepared by the BIB method at 
room temperature (Desbois et al., 2009; Hemes et al., 2011, in press). In all samples studied in 
this contribution, the non-clay minerals (quartz, feldspar, calcite; Figure III.10) are embedded 
in a porous clay matrix. Surprising is that the pores within the clay matrix are clearly visible 
before the sublimation process (Figure III.10.a, c, e, g, and i). Based on the results obtained for 
the remolded sample (section III.2.3.b), this indicates that the pores are free of water before the 
sublimation. This applies to almost all pores visible with SEM in all samples (BC-1, PC, BC-
2). Only very few pores in sample BC-1 (estimated to be less than 1% of the imaged pores) 
were filled with a frozen water phase before sublimation (Figure III.10.c, d). The largest pores 
(up to 1 µm wide) were found at interfaces between clasts and the clay matrix (Figure III.10). 
III.2.3.c.  Typical damages induced by drying heating samples within the SEM 
A detailed observation of microstructure evolution (Figures III.11, III.12 and III.13) indicates 
microstructural changes at pore scale during drying of samples by sublimation up to 20°C. 
Figures III.11, III.12 and III.13 show typical pore-scale damages in sample PC, but they are 
also representative for of samples BC-1 and BC-2. Four main types of damages were 
identified.  
The three first types involve fracturing of the clay matrix. 
Damages of Type I are breaks of clay/clay particle interfaces (Figure III.11.a-f), where the 
interfaces involve clay particles highly misoriented to each other, typically a “tip/long axis” 
contact between two clay particles. 
Damages of Type II are detachments (delamination) at clay/clast interfaces, where such 
interfaces involve clay particles oriented with their long axes parallel to the clast surface 
(Figures III.11.g-n). We distinguish two kinds of detachment defined by the amplitude of the 
detachment: a “weak” detachment has maximum amplitudes of a few tens of nanometers and 
is localized only at key-points of a clast/clay interface (Figure III.11.g-j), whereas a “strong” 
detachment has amplitudes up to 1 µm and it affects all the contour of a clast/clay interface 
(Figure III.11.k-n). 
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Figure III.10: Typical BIB-cryo-SEM observation on BC-1, PC and BC-2 sample on same sample’s 
region before (left column) and after (right column) drying by sublimation. Surprisingly, comparison of 
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images before and after drying shows that the majority of pore visible at resolution of SEM are fluid-
free before drying. Dashed lines in yellow indicate non-clay grain boundaries, square in red (e, f) 
indicates to a region imaged at higher magnification in (g, h; respectively) and ellipse in red point to a 
rare fluid-filled pore (d vs. e). LP indicates large pore surrounding non-clay grain. 
 
Damages of Type III are the biggest and most spectacular Figure III.12). Observations show 
that a damage of Type III results in a crack with an aperture wider than 1 µm (Figure III.12.a-
b), which propagates only within the clay matrix but through a large volume of sample (Figure 
III.12.b-e). Moreover, most of the crack’s length is following clast/clast interfaces (Figure 
III.12.e). Damage of Type III involves significant displacement of sample material. For 
example, comparison of a few measurements before and after drying (Figure III.12.f, g), 
estimates displacements in the range of 20-30 %. 
The fourth kind of damage (Type IV ) does not involve visible rupture or failure of the clay 
matrix, but only a local modification of the pore morphologies, resulting in an increase of pore 
area, which may also result in a connection of neighboring pores (Figure III.13.b,c). 
III.2.3.d. Quantification and comparison of pore morphologies in preserved and dried 
samples 
Quantification of pore morphologies in samples BC-1, BC-2 and PC were is based on more 
than 2,500, 3,000 and 1,800 singles pores on within the same areas before and after 
sublimation, respectively. Although single pores were analyzed within similar areas before and 
after drying, the total number of pores detected may differ within a range of 2-4 % before and 
after drying, because of noisier images taken at cryogenic conditions (Figures III.9- III.13; 
Desbois et al., 2013) and the slight modification of pore microstructures due to drying (see 
section III.2.3.c). 
Results are compiled in Figure III.14 and show that the probabilities to find a pore within a 
certain pore-area range (Figure III.14.a, d, g), a certain inverse of axial ratio range (Figure 
III.14.b, e, h) and a certain circularity range (Figure III.14.c, f, i) are not significantly different 
in preserved and dried samples, within the standard error. 
III.2.4. Discussion 
III.2.4.a. Preservation of wet microstructures in clays and drying damage 
The remolded sample, containing 39.2% water in weight (Figure III.6), shows that all porosity 
is filled with frozen water before the drying-sublimation (Figure III.9.a, c, e). After 
sublimation, the porosity appears empty (Figure III.9.b, d, f.). If the water sublimation process 
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is not activated, there is no evidence that the sample preparation, BIB milling or SEM imaging 
destabilizes the pore water quenched by cryogeny, in very good agreement with Desbois et al. 
(2013). Therefore, the BIB-cryo-SEM method is able to preserve wet microstructures in 
hydrated samples (typically about 5x5x1 mm3 in size; Desbois et al., 2013).  
 
 
 
Figure III.11: Detailed observations of pores on same sample’s region before (left column) and after 
(right column) drying by sublimation. Images are from sample PC but observations are also valid for 
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BC-1 and BC-2 samples. Drying is damaging pore microstructures; in this figure two types of damages 
are identified (Type I and II; see figure and manuscript for details); all within clay matrix. Damages are 
interpreted to originate from shrinkage of the clay matrix, which should contain water measured by 
water weight before drying because pores at SEM resolution appear fluid-free. 
 
The same approach applied to preserved wet natural samples (Figure III.6) indicates that water 
sublimation induces local damage of the clays’ microstructure, all located within the clay 
matrix (Figures III.11-III.13). This is evidence for the preservation of the wet microstructures 
by cryogeny, prior to water sublimation. Therefore, drying is interpreted to be responsible for 
the observed microstructural changes after water sublimation. Because the Young’s modulus 
of the clay matrix is up to 3 orders of magnitude smaller than the Young’s modulus of the clast 
grains, embedded in the clay matrix (mainly quartz and calcite), the damage is interpreted to 
be induced by the shrinkage of the clay matrix during drying (Delage et al., 2007). This is in 
good agreement with our microstructural observations, which never show damage of non-clay 
mineral grains. With respect to the aperture sizes of the damage features: smaller apertures are 
observed at interfaces with a high gradient in mechanical properties, involving either highly 
misoriented clay particles (Type I, Figure III.11.a-f) or clay/clast contacts (Type II, Figure 
III.11.g-n); larger damages (Type III, Figure III.12), running all around clast grains, are 
interpreted as the coalescence of damages of Type II. Damages of Type IV  (Figure III.13) do 
not involve failure, but only clay-matrix shrinkage, resulting in an increase of the pore area. 
Gradients in shrinkage strain between the outside and the inside of a bulk sample and the 
build-up of stress, due to grain-scale, non-uniform deformation at interfaces between the clay-
matrix and non-clay mineral grains (Klinkenberg et al., 2009; Houben et al., 2013) may 
localize damage due to drying. 
III.2.4.b. Hydration state of preserved clay cores 
The water weight contents measured for preserved Boom clay samples (16.7%, 13.3% and 
18.3%, for samples BC-1, BC-2 respectively; Figure III.6 and Table III.1) are within the lower 
limit of the typical range of water weight contents given in reference literature for Boom Clay 
(19 - 24%; Boisson et al., 2005). The small deviations may be explained by the different 
drying conditions used; water weight contents given in Boisson et al. (2003, 2005) are from 
samples dried at 105-110°C, but samples studied in this contribution were dried at room 
temperature. Differences may also be explained by clay-bound water, partly removed during 
drying at 105˚C (Pearson et al., 2003; Marschall et al., 2005); although interlayer adsorbed 
water in clays is mainly removed at a temperature of 250˚C (Plötze et al., 2007). 
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Figure III.12: Detailed observations of a pore damage of Type III before (top row) and after (rows 
below) drying by sublimation. Images are from sample PC but observations are also valid for BC-1 and 
BC-2 samples. Pore damage of Type IV is a long crack with aperture above 1 µm propagating within 
the clay matrix and interfaces of clay matrix and non-clay grains. Damage of Type III is also 
interpreted to originate from shrinkage of the clay matrix. (f. and g.) depict same regions in (a. and b.) 
where reference lines are indicated for evaluation of displacement in (h.). 
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For the Pittem Clay (PC), the measured water weight content is about 18.3% (Figure III.6 and 
Table III.1) but there is no existing corresponding data in the literature to compare this value 
with. However, they are in good agreement with others clay-rich sands of Ypresian clays, 
which have higher weight content than Boom Clay (LGTH, 1996 and INISMA, 1998). 
 
Water weight contents measured (Figure III.6) and damages observed after water sublimation 
(Figures III.11-III.13) both argue for hydrated clay samples. However, the pores imaged at 
SEM resolution before water sublimation are mainly free of fluids (Figures III.10-III.12). Only 
rare single pores are fluid-filled (Figure III.10.c, d). At first, this indicates that water measured 
in our samples by weighing (Figure III.14, Table III.1) is residing within the clay aggregates, 
which contain pores not visible at the resolution of the SEM. However, at least for the Boom 
Clay samples (BC-1 and BC-2), fluid-free pores at the SEM resolution are in contradiction 
with a single FIB-cryo-SEM experiment after Desbois et al. (2009) on a Boom Clay sample 
from the HADES level, where all observed pores were fluid-filled. 
 
In the following, we discuss several hypotheses to explain why pores imaged in this 
contribution before drying for Boom Clay samples (BC-1 and BC-2) are fluid-free. 
 
Based on the comparison between this study and Desbois et al. (2009), the firsts hypothesis is 
to simply consider that the hydrated state of an original core varies from core to core, 
suggesting some water-unsaturated Boom Clay layers. This hypothesis can be rejected; 
because of pore pressure (Mertens et al., 2004; Bastiaens et al., 2006; Bernier et al., 2007) and 
measured water contents are consistent with measured porosities (De Craen et al., 2004; 
Boisson et al., 2005; Delage et al., 2007; Bertrand et al., 2009). The natural degree of 
saturation in Boom Clay samples is in the range of 95-100% (SCK-CEN, 1997). 
 
A second hypothesis is the degasing of CO2, dissolved in pore water at natural conditions, after 
sample coring. Depressurization of cores experienced for core drilling may cause vaporization 
of dissolved CO2, resulting in a possible squeezing of water out of the pore space. Considering 
the Henry’s law, the concentration of dissolved CO2 at a temperature T (Cdiss.,T
CO2 ) is a function 
of the partial pressure of CO2 ( p
CO
2 ) and the ‘Henry’s constant’ for CO2 ( kH ,T
CO2 ): 
 
Cdiss.,T
CO2 =
p
CO2
kH ,T
CO2
 (Equation III.14) 
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where k
H ,T
CO2  is given by the Van’t Hoff’s equation : 
 
k
H ,T
CO2 = k
H ,298K
CO2 exp !C
1
T
!
1
298
"
#
$
%
&
'
(
)
*
+
,
-  (Equation III.15) 
 
With log pCO2( ) = !2.42  (Dierckx A., 1997; De Craen et al., 2004),  
k
H ,298K
CO2 = 29.41 L.atm.mol
!1  (CRC, 1996), at a temperature of T = 289K  (temperature of 
pore water in in situ Boom Clay; Boisson et al., 2005) and C = 2400  (a constant, reflecting 
the ratio between the enthalpy of CO2solution and the gas constant; CRC, 1996), the 
concentration of dissolved CO2 in in-situ Boom Clay pore water is 
C
diss.,289K
CO2 =1.7!10
"4
mol.L
"1 . 
The corresponding volume of degased CO2 per unit sample volume (Vgaz
CO
2 ) is given by: 
 
Vgaz
CO2 =Cdiss.,283K
CO2 !
Vpore
Vsample
!Vm =Cdiss.,289K
CO2 !! !Vm  (Equation III.16) 
 
where V
m
= 22.4L  is the molar volume at standard conditions, Vpore  the total pore volume , 
Vsample  the volume of the sample and !  the porosity of the sample (in the range of 35-40%; 
Boisson et al., 2005). For a porosity of ! = 35% , we obtain Vgaz
CO2 =1.3!10
"3
L.m
"3  to be 
compared with the volume of pores per unit sample volume V
pore
=! !1= 0.35L.m"3 . Hence, 
the volume of CO2 gas potentially available for a full degassing, represents less than 0.4 % of 
the porosity and thus  cannot account for a squeezing out of all pore water contained in the 
visible pore space at SEM-resolution. 
 
In contrast to the second hypothesis, which assumes leakage of pore-fluid, a third hypothesis 
might be to consider poroelastic expansion of Boom Clay induced by release of in situ stress 
after coring. This third hypothesis might involve that some empty pores visible at SEM 
resolution result from sample dilatation. Giraud & Rousset (1996; after Coussy, 1989) give the 
variation of the volume as a function of the variation of the pressure: 
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!V
V
=
!p"b
K
0
 (Equation III.17) 
 
where 
!V
V
 is the variation of volume, !p = peffective,BoomClay " patm  is the variation of pressure 
between in situ and atmospheric conditions of Boom Clay ( peffective,BoomClay ! 2.3 Mpa ; 
Horseman et al., 1987; Delage et al., 2000; Mertens et al., 2004; Bastiaens et al., 2006; Bernier 
et al., 2007), b  the Biot’s coefficient (for Boom Clay: b =1 ; Giraud & Rousset, 1996) and 
K
0
 is the bulk modulus of the porous medium (for Boom Clay: K
0
= 74 MPa ; Giraud & 
Rousset, 1996). Therefore, 
!V
V
" 3% , suggesting that part of the porosity visible at SEM 
resolution may correspond to volume expansion after coring and therefore be free of fluid. 
 
A fourth hypothesis is that the 2 min. time slot between sub-sampling of the core samples and 
cryogenic quenching of subsamples (see section III.2.2.a) is long enough to allow water 
evaporation from the first few micrometer layers of analyzed samples. This hypothesis is 
unlikely, since our observations never showed a layering of the pore-water content from the 
top sample surface towards the center of the samples (over the whole BIB cross sections with 
typical depth greater than 200 µm) (Figure III.8). 
 
 
 
Table III.2: Estimation of water weight content lost by vacuuming during sample packing in Al- barrier 
foil 
 
#
Sample name used in 
this study
Initial packing condition Water weight loss (%)
Water weight loss porosity 
(%; calculation based on 
De Craen et al., 2004)
1 0.17 0.45
2 0.64 1.66
3 0.05 0.12
4 0.08 0.22
1 0.03 0.09
2 0.03 0.08
3 0.05 0.12
4 0.07 0.19
BC-1
BC-2
Repacked one time  after 
first packing done after 
initial core sampling
Repacked two times  after 
first packing done after 
initial core sampling. 
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A fifth hypothesis is to consider leakage of pore water during storage of samples in the Al-
coated-poly-ethylene barrier foils. 
At first, we can simply consider that the sample is packed fully water-saturated and that only 
the diffusion of water through the Al-coated-poly-ethylene barrier foil is responsible for 
sample drying. Commercial data available on the use of Al-coated-poly-ethylene barrier foil 
gives a vapor permeation of <0.04g/m2/day. Studied cores with a typical length (L) of 30 cm 
and a radius (R) of 5 cm were packed in Al-coated-poly-ethylene barrier foil of about 
2πR2+2πRL =1.1x10-1 m2 area. At the highest magnification (i.e. about 30,000x) used to image 
the pore space, Hemes et al. (2011, submitted) measured porosities at SEM-resolution in 
representative Boom Clay samples of 10-15 %. Therefore, the minimum amount of water that 
would have to be removed from a fully water-saturated typical core sample of Boom Clay to 
observe fluid-free pores at SEM-resolution is: πR2L=235.6 cm3 corresponding to 231.2 g of 
pore water (pore water density = 1.019 g/cm3; De Craen et al., 2004). The time needed to 
remove such an amount of water only by diffusion through the Al-coated-poly-ethylene barrier 
foil is estimated to about 146 years. The age of the cores analyzed in the present study is 
between 2 weeks and 15 years. Therefore, water diffusion through the barrier foil cannot be 
the only cause of fluid-free pore space at SEM resolution. 
Secondly, vacuum pumping (P = -750 mbar) of sample bags for storage after coring may 
contribute to sample drying. It was unfortunately not possible to compare sample weights just 
after coring and after vacuum-packing of samples. However, we measured water weight 
contents in a few samples of the BC-1 (4 samples) and BC-2 (4 samples) cores before and after 
vacuum-repacking in Al-barrier foils (Table III.2): After initial packing, right after sample 
coring, the BC-1 samples were repacked only once, whereas BC-2 samples were repacked 
twice. Table III.2 presents the results of water weight loss for the last repacking, indicating a 
measureable water weight loss for both experiments, corresponding to a porosity in the range 
of 0.12 % - 1.66 % for BC-1 samples and between 0.09 % - 0.19 % for BC-2 samples. 
Therefore, vacuum-packing, involved in sample storage is able to dry samples. However, 
empty porosities reachable by vacuum-packing are clearly below the empty porosity observed 
in our BIB-cryo-SEM images (Figures III.10- III.13), but this could be explained by the fact 
that BC-1 samples were repacked twice in total and even three times for BC-2 samples, 
suggesting that most of the pore water is removed during the first vacuum-packing of samples, 
right after sample coring. Another argument in favor of this is that the BC-2 samples, which 
underwent three repackings, are losing less water on average, than the BC-1 samples, which 
were repacked only twice (Table III.2).  
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Moreover, numerous water droplets are visible on the inside of the Al-barrier foil bags after 
opening of the sample bags, suggesting that after vacuum-packing of samples, the remaining 
pore water inside the samples is equilibrating within the sample itself, and also with the 
remaining atmosphere inside the bag. 
 
Therefore, two hypotheses are most likely explaining why pores at the SEM resolution are 
fluid-free before drying sublimation: the volume expansion of samples after coring and the 
drying by vacuum during packing of samples in Al-barrier foil. 
 
One paradox remains: Desbois et al. (2009) found fluid-filled porosity at the SEM resolution. 
So far, we do not have a good explanation for this. The only difference with this contribution 
is the size of the original core packed in Al-barrier foil. In Desbois et al. (2009), the sample 
originated from a core of 30 cm diameter, whereas core diameters in this contribution are only 
10 cm (see section III.2.2). We can only suggest that in a larger core volume the total volume 
of pore water remaining inside the core after vacuum re-packing is sufficient to buffer the 
whole core after equilibrating with the remaining atmosphere inside the Al-barrier foil bag. 
 
 
 
Figure III.13: Example of segmentation of porosity on a same sample’s region before and after drying 
by sublimation used as basis of pore size and pore morphologies quantification in Figure III.14. 
Damage of Type IV, which corresponds to pore area increase without bound failure (in contrast to 
damages of Types I, II and II), is also indicated by circle in red. 
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III.2.4.c. Impact of drying damage on microstructural studies 
Imaging of pore microstructures in preserved clays and comparison to dried microstructures 
(Figures III.10-III.13) is of essential interest to evaluate the relevance of porosity analysis, 
which are mostly performed at dry condition. 
Some recent studies characterized 2D porosity (pore size distribution and pore morphologies) 
in fine-grained, clay-rich geomaterials (Desbois et al., 2009; Loucks et al., 2009, 2010; Hemes 
et al., 2011, in press; Heath et al., 2011; Klaver et al., 2012; Curtis et al., 2012; Houben et al., 
2013) using the BIB-SEM approach at room temperature. In the light of the present study, it is 
suggested that such investigations on dried samples include microstructural changes due to 
drying (i.e. ‘drying damage’; Figures III.10-III.13). 
However, statistical comparison of pore size distributions and pore morphologies, performed 
on a few thousand single pores, within the same area before and after drying by sublimation 
(Figure III.14), shows no significant difference. Statistical studies of porosity do not account 
for the signatures of drying induced damage within the standard errors. Only minor deviations 
are observed for the circularity (Figure III.14.c, f, i), but attributed to decreasing image quality 
at cryogenic conditions (Figures III.10-III.13; the perimeter being more sensitive to image 
quality). Therefore, statistical characterization of porosity in representative 2D BIB-SEM 
images, performed at room temperature, can be considered as representative of hydrated pore 
microstructures. 
Moreover, detailed observations point to large pores surrounding non-clay mineral grains 
(Figure III.10) already present prior to drying (Figure III.10.a, c, e, g, i). Hemes et al. (2011, 
submitted) also identified such large pores, surrounding non-clay mineral grains in samples 
comparable to Boom Clay sample in this study (BC-1 and BC-2), but their origin remained 
elusive. This contribution suggests that they do not originate from drying. 
In contrast, a number of studies gave evidence for changes in fluid flow properties between 
hydrated and dried clays (Galle, 2001; Kang et al., 2003; Soe et al., 2007; Barbier & Tessier, 
2007; Cosenza et al., 2007; Pineda et al., 2010; Hedan et al., 2012). Only very few of these 
studies directly checked directly the changes in pore microstructures before and after drying, 
which may be responsible for the change in fluid flow properties (Kang et al., 2003; Renard, 
2012); mainly because of the challenging task of imaging preserved microstructures below the 
micrometer scale. Indeed, studies, which observed changes in microstructure from hydrated to 
dried clays only refer to large desiccation cracks with apertures above 1 µm (Kang et al., 2003; 
Hedan 2012; Renard, 2012; Wang et al., 2013), comparable to damage of Type III defined in 
this contribution. Our study suggests that damages of Types I, II and IV  may also contribute to 
changes in fluid flow properties between hydrated and dried clays. 
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Figure III.14: Quantification of pore size (pore area in left column) and pore morphologies (elongation 
[1/AR] in middle column and circularity on the right column) for samples BC-1, PC and BC-2. For all 
graphs show the compilation of probabilities of parameter’s occurrence after drying (Pdry) in y-axis as a 
function of the probabilities of parameter’s occurrence before drying (Pwet) in x-axis, on same samples 
regions and binned parameters. Pore areas start from 512 nm2 to 2097152 nm2 with bin size doubling 
each bin. Bin size for elongation and circularity is 0.1. Statistics are based on more than 2500, 3000 
and 1800 singles pores for samples BC-1, BC-2 and PC, respectively. Dashed black line indicates the 
1:1 relationship (i.e. Pdry = Pdry). We observed that drying does not modified probabilities of 
parameter’s occurrence suggesting that pore size and pore morphologies statistics performed on dried 
sample are representative of hydrated Boom Clay cores. Error bars are standard errors. 
III.2.5. Conclusions 
This contribution shows how the BIB-cryo-SEM method allows imaging fluid-filled pores in 
preserved, hydrated clays. Application of BIB-cryo-SEM on samples from original clay cores 
shows that porosity is free of fluid at the SEM resolution, suggesting that water measured by 
weight loss is only located within the clay aggregates. 
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Fluid-free pores are unrealistic in natural saturated Boom Clay. Thus, we conclude that the 
procedure involved to store the original clay cores in fully preserved natural conditions is not 
efficient. For a future study, we plan to sample and stabilize specimens on site directly after 
coring by using cryogenic techniques and without intermediate re-packing of samples, to be 
able to observe fully hydrated porosities. 
Microstructural observations on the same areas before and after drying by sublimation of water 
phases, point to four types of typical drying damages induced by the shrinkage of the clay 
material. However, the quantification of pore size and pore morphologies before and after 
drying indicates no significant changes in statistical porosity characterization suggesting, in 
one hand, that quantitative studies performed on large number of pores even at dry condition 
should be representative. In the other hand, drying damages observed in this contribution are 
proposed to contribute all to the change of fluid flow properties typically measured by others 
authors on hydrated and dried specimen of clays. 
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III.3. High-resolution 3D fabric and porosity model in a tight gas 
sandstone reservoir: a new approach to investigate microstructures 
from mm- to nm-scale combining argon beam cross-sectioning and 
SEM imaging 
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resolution 3D fabric and porosity model in a tight gas sandstone reservoir: a new approach to 
investigate microstructures from mm- to nm-scale combining argon beam cross-sectioning and 
SEM imaging. Journal of Petroleum Science and Engineering, 78: 243-257. 
 
Abstract 
The development of new technologies to enhance tight gas reservoir productivity could 
strongly benefit from a better resolution and imaging of the porosity. Numerous methods 
are available to characterize sandstone porosity. However, imaging of pore space at scales 
below 1 µm in tight gas sands remains difficult due to limits in resolution and sample 
preparation. We explored the use of high resolution SEM in combination with argon ion 
beam cross sectioning (BIB, Broad Ion Beam) to prepare smooth, and damage- free, true-
2D surfaces of tight gas sandstone core samples from the Permian Rotliegend in 
Germany, to image porosity down to 10 nm. The quality of cross-sections allows 
measuring porosity at pore scale, and describing the bulk porosity by defining different 
regions with characteristic pore morphology and pore size distribution. Serial cross 
sectioning of samples produces a 3D model of the porous network. We present a model of 
fabric and porosity at 2 different scales: the scale of sand grains and the scale of the clay 
grains in the intergranular volume. 
 
III.3.1. Introduction 
Producing gas economically from unconventional sources is a great challenge. Tight gas 
reservoirs, with their low permeability and low porosity, have recently received much interest 
because of the very large reserves, which could be produced with suitable technology. Tight 
gas reservoirs are found throughout the world and occur in all common types of reservoir 
rocks (Law and Curtis, 2002; Haines, 2005; Holditch, 2006; Littke et al., 2008).  
For improved recovery of these tight gas reservoirs, it is essential to quantify porosity at the 
pore scale. However, because pores in tight gas reservoirs are usually below 1 µm, this is 
difficult because of technical and preparation limits. Thus, the fundamental information about 
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pore morphologies in tight gas reservoirs is missing, although pore morphology and 
connectivity is the key to correlate porosity and permeability data. 
Traditional techniques for characterization of different aspects of porosity in sandstone are X-
ray computer tomography (micro-CT) scanning (Honarpour et al., 2003; Tono and Ingrain, 
2008), magnetic resonance imaging (MRI) (Pape et al., 2005), particle size analysis, point 
counting based on petrographic thin sections, environmental scanning microscopy (ESEM) 
(Tiab and Donaldson, 1996), x-ray diffraction (XRD) (Ward et al., 2005), x-ray fluorescence 
(XRF) (McCann, 1998), confocal scanning laser microscopy (CSLM) (Menendez et al., 2001) 
and mercury porosimetry (Favvas et al., 2009). The combination of these complementary 
methods is considered to give a robust characterization of reservoir properties of sandstones 
(e.g. Baraka-Lokmane et al. (2009) and in sandstones this has produced a growing body of 
literature of 3D pore models (with a resolution of a few micrometres) and based on these, 
numerical models of fluid flow through porosity, which accurately predict bulk properties such 
as Darcy Permeability (Sholokhova et al, 2009; Tölke et al, 2010). 
There is a considerable body of literature on the evolution of porosity by compaction and 
diagenetic processes (Gaupp et al., 1993; Zwingmann, 2008; Schöner et al., 2008) and it 
appears that to investigate porosity at nm scale in tight gas reservoirs, SEM imaging is the 
most direct approach (Nadeau and Hurst, 1991; Ziegler, 2006). This method, however, is 
limited by the poor quality of the investigated surfaces (mainly broken or mechanically 
polished surfaces including the decoration of porosity by colored resin embedment), which 
make observations and interpretation difficult (Lanson et al., 2002; Schöner and Gaupp, 2005). 
The recent development of Argon ion source milling tools which produce polished cross-
sections of exceptional high quality offers a new alternative for high resolution SEM imaging 
of porosity at nano-scale (Desbois et al., 2009; Loucks et al., 2009; Holzer and Cantoni, 2011). 
Until now, the Ar-BIB preparation technique was mainly used for metallic materials but not 
for polyphase geomaterials. On the one hand, because it does not induce mechanical polishing, 
the Ar-BIB technique is an alternative to the resin embedment technique for preparation of 
delicate samples, which are difficult to polish because of phases with different hardness. In 
addition, the large area which can be polished (up to 2mm2, large in comparison to the micro-
porosity investigated) by the Ar-BIB allows investigating numerous features in one cross-
section and also allows quantitative stereological analysis (Underwood, 1970; Russ and 
Dehoff, 2000), which is very difficult when broken samples surfaces are investigated. Ar-BIB 
cross sectioning does not require water or epoxy impregnation, which could damage the clay 
minerals by re-wetting. Thus, the Ar-beam polishing technique provides rapid, damage-free, 
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reproducible surfaces in comparison to the conventional preparation techniques (Desbois et al., 
2009; Loucks et al., 2009).  
Focussed Ion Beam (FIB) cutting was also demonstrated to be able to prepare high quality 
polished cross-sections in clay-rich geomaterials (Holzer et al., 2007, 2010; Desbois et al., 
2009; Dvorkin, 2009). However, this technique induces potentially more damage of the 
surface since it uses mainly Gallium source (Erdmann et al., 2006) and typical areas produced 
by FIB (about µm2) are much smaller than those prepared by BIB (about mm2). Nevertheless, 
because FIB guns provide “focused” beam and are now fully implemented in commercial 
SEM machines, FIB instruments allows precise targeting of the region of interest and 
productive serial-cross-sectioning (Holzer et al; 2010), respectively. 
BIB and FIB are complementary approaches to prepare high quality surfaces suitable for high 
resolution SEM imaging (Holzer and Cantoni, 2011). 
This contribution describes the use of the BIB high-resolution technique for a better 
understanding of pore space geometries in 2D and, for the first time, in 3D on tight gas 
reservoir sandstone samples from the Rotliegend in the north-west Germany. 
III.3.2. Methods 
Four samples were prepared by slowly cutting with a miniature diamond saw using air as 
cooling medium, from drill-cores slowly dried during storage in air; and faces ground dry 
using carbide paper from 800 down to 1200 grade. A flat surface of these samples of about 
1cm3 was cross-sectioned perpendicular to the bedding, using a stand-alone argon beam 
machine (cross-section polisher JEOL SM-09010, Erdmann et al., 2006) to produce high 
quality polished cross-sections of about 2 mm2, removing a 100 µm thick layer which was 
possibly damaged. We used 6 kV acceleration, achieving currents of about 150-200 nA for 8 
hours of milling. The principle of this technique is resumed in Figure III.15. The polished 
cross-sections were then coated with carbon, suitable for SEM imaging and EDX chemical 
analysis. The SEM microscopes used are a JEOL JSM-7000F with an EDX system (EDAX-
Pegasus work station) and a Zeiss Supra 55 equipped also with an EDX detector (EDAX, 
Apollo 10). Typically, SEM (in SE and BSE modes) imaging and EDX studies were 
performed at 15 kV at a working distance of 10 mm. Porosity and fabrics were statistically 
evaluated using the PolyLX Matlab toolbox (Lexa et al., 2005; 
http://petrol.natur.cuni.cz/~ondro/polylx:home) from microstructures digitized in Open Jump 
(open source GIS software) from ion-beam-polished-cross-section micrographs. 
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For one of the samples, the stand-alone argon beam machine was also used by following a 
serial cross sectioning procedure in order to estimate the evolution of microstructures in 3D. 
For this particular experiment, we produced five successive slices of about 50 µm thick 
(Figures III.16 and III.17). After each cut, each surface was imaged at low magnification (as a 
mosaic made of more than 40 single images taken at x500 magnification) both using SE2 and 
BSE detectors to produce general overview of fabrics and phase density maps over the entire 
BIB cross-section. An additional high magnification picture (as a mosaic made of 600-1000 
single images taken at x3000 magnification) was also produced with an SE2 detector to map 
the porosity at pore scale within the entire BIB cross-section. This procedure was repeated for 
all of the five successive cross-sections. Single images were assembled using Autopano 
software (Giga 2; Kolor) while successive pictures of cross-sections were aligned and rectified 
using ArcMap 9.3 software (ESRI) enabling reconstruction of fabric and porosity in 3D. For 
this serial cross-sectioning experiment, the conditions of imaging are similar to those used for 
single BIB cross-sectioning experiments. 
In order to compare our approach with conventional techniques of preparation (Figure III.18), 
we also prepared mechanically polished thin-sections suitable for optical transmitted light 
microscopy and electron microscopy (gold coated) as well as broken samples for electron 
microscopy (gold coated). 
 
 
 
Figure III.15: The principle of BIB cross-sectioning. (a) the ion beam irradiates the edge of sample un-
masked by the shielding plate to create high quality polished cross-sections suitable for SEM imaging. 
(b) Overview of a typical cross section performed by BIB cross-sectioning. 
III.3.3. Geological Setting of the samples analyzed 
The studied core samples originate from a well drilled in the Arsten Graben, south of Bremen. 
The area is situated at the southern margin of the North German Basin, which forms part of the 
Southern Permian Basin (SPB) (Glennie, 1986, Glennie, 1990, George and Berry, 1993, Plein, 
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1995, Strömbäck and Howell, 2002, Legler, 2005). Both are integral part of the Central 
European Basin System (Littke et al., 2008).  
The SPB stretches with a width of 300-600 km over ~1.700 km from the eastern United 
Kingdom to central Poland and the Czech Republic. The Basin has an asymmetric shape with 
its deepest part in the North (McCann, 1998). It is composed of several NW-SE-trending en 
echelon subbasins like the Silverpit/Dutch, the North German and the Polish Basin, which are 
separated by N-S and NNW-SSE Variscan basement highs (Börmann et al., 2006). In the 
Upper Rotliegend I, tectonic quiescence with subsidence being mainly driven by compaction 
and thermal relaxation prevailed, following a phase of intense Lower Rotliegend bimodal 
magmatism (van Wees et al., 2000). This changed with the onset of the Upper Rotliegend II, 
which saw a new phase of extensional faulting and associated sedimentation (Bachmann and 
Hoffmann, 1997).  
The investigated reservoir rocks are from the Upper Rotliegend II Bahnsen Member of the 
Hannover Formation. In this sequence, sediments of preliminary fluvio-aeolian origin, 
including barchanoid dune, wet to dry interdune, braided fluvial and alluvial fan sediments 
were deposited with thicknesses ranging between 180 m and 450 m. The analyzed sandstone 
sample from approximately 4800 m depth is of aeolian dune origin and has a white/grey color, 
a porosity of 8,7 % and a permeability of 0,2 mD. Porosity was measured on core plugs using 
Mercury injection porosimetry. The measured porosity is then related to the effective 
(connected) porosity, of a dried sample under lab conditions. The porosity and permeability 
measurements reported reflect the average values for the studied stratigraphic member (no cut 
off has been applied). The studied samples were selected from part of the core, which are 
considered as representative in regards to porosity and permeability as well as mineralogy. 
Interesting locations were first selected based on log-data; then homogeneity was checked in 
2D in large thin sections in the optical microscope and in volume using µCT imaging. It has 
been observed during testing of the well, that the more favourable reservoir quality is below 
the gas-water contact, while in the gas-bearing zone above, the porosity/permeability is 
drastically reduced by authigenic minerals. This led to uneconomic flow rates and the well was 
subsequently plugged and abandoned. 
 
 
 
 
 
 
CHAPTER III: Characterization of porosity in low porous and low permeable clay-rich geomaterials 
Dr. Guillaume Desbois – Habilitation Thesis, 2014 256 
 
 
 
 
Figure III.16: BIB serial cross-sectioning experiment. (a) Overview of the original mechanically pre-
polished sample imaged in BSE mode; the dashed white line indicates the region of interest selected for 
the serial cross-sectioning experiment. (b) Serie of BSE micrographs from top view after the five 
successive cross-sections. These micrographs are used to measure the thickness of each cross-section: 
the 2d, 3rd, 4th and 5th slices have a thickness of 57 µm, 55 µm, 51 µm and 51 µm respectively. In total, 
the selected region of interest was serial cross-sectioned over a depth of 210 µm. 
 
 
 
CHAPTER III: Characterization of porosity in low porous and low permeable clay-rich geomaterials 
Dr. Guillaume Desbois – Habilitation Thesis, 2014 257 
 
 
 
Figure III.17: SE and BSE micrograph mappings of the five successive cross-sections produced for BIB 
serial cross-sectionning experiment. At the scale-view of SE micrographs, the largest intergranular 
volumes filled with hairy illite (black arrows) and fractures, which fit roughly the sand-grain contours 
(white arrows), are clearly visible. BSE micrographs show the evolution of mineral phases over the 
investigated volume. Darker grey value indicates quartz grains while lighter grey values indicate mostly 
calcite, feldspars and calcite at the scale of micrographs. The black square from the SE cross-section-2d 
cut is a missing picture in the image set. 
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III.3.4. Results 
III.3.4.a. BIB cross-sectioning 
All single BIB cross-sections (Figures III.15 and III.17), produced at similar conditions (6kV 
for 8 hrs. of milling), have comparable polished-surface sizes of about 2 mm wide and 1 mm 
long resulting in area up to 2 mm2. Each single BIB cross-sections have a pseudo Gaussian 
shape reflecting the distribution of ion density in the beam. It was slightly convoluted by the 
rocking motion of the sample during milling used to minimize the curtaining of milled 
surfaces, which occurs typically for heterogeneous materials. Investigations of microstructures 
at high magnifications (Figures III.19-III.25) give evidence for extremely well-polished 
surfaces down to the resolution of SEM (≈ 3nm) without damage or artifacts which may 
disturb the imaging of sub-micrometric structures. Therefore, the high quality of surfaces 
allows investigating microstructures down to the resolution of SEM in true 2D cross-sections 
(Figures III.19-III.25). The high precision of BIB cutting is particularly well illustrated by 
Figure III.21.h, which shows that BIB is able to cut even the hairy illite particles of 50 nm in 
diameter and 1-2 µm long along the direction of length. 
Serial cross-sectioning (Figures III.17 and III.25) is a major improvement of the use of stand–
alone BIB machines since it allows to investigate microstructural evolutions in 3D. As far as 
we know, stand–alone BIB machines were never used for serial-cross-sectioning until now.  
The process of serial sectioning does not decrease the quality of the BIB cutting: surfaces have 
similar and reproducible quality and no subsequent waste redeposition was detected at scales 
of our observations. During the serial cross-sectioning experiment the slice thickness was 
targeted to be 50 µm. In practice, slice thicknesses are in the range of 51-57 µm (Figure III.16) 
resulting in an inaccuracy of 6% from the target point. Thickness of the slices is accurately 
measured by imaging the top of the cross-section (Figure III.16). The inter-slice thickness 
(here about 50 µm thick) is too thick to give the exact interpolation of microstructures along 
successive slices. Using our BIB cross-sectioner, the slice thickness can be reproducibly 
reduced down to 20 µm. 
III.3.4.b. Grain fabrics and mineralogy 
The samples show the typical features of tight, diagenetically altered aeolian sandstone from 
this part of the Central European Basin (Gaupp et al., 1993). Optical thin sections (Figure 
III.18.a) and ion beam polished cross-sections (Figure III.19.a) show that the diameter of the 
quartz grains is about 0.2 mm with sub-angular to round grains. Angular grains are rare and 
were only observed as “floating” fragments in pores cemented by clay matrix (Figures III.19.e 
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and III.23.c). Grain fabrics are dominated by sutured and concavo/convex contacts possibly 
evolved by dissolution processes and grain re-arrangement during compaction. EDX mappings 
made both on mechanically-polished thin-sections and BIB cross-sections reveal similar 
mineralogy (Figure III.20). Quartz grains dominate largely the mineralogical composition. 
Other minerals such as calcite, halite and feldspars are also present but in much less amount.  
 
 
 
Figure III.18: Typical images used in conventional investigations of tight gas reservoir sandstones. (a) 
Optical thin sections of investigated Bahnsen sample under polarized transmitted light. The sandstones 
are mainly aggregates of quartz, calcite, feldspars and kaolinite. Only the largest intergranular volumes 
at triple junction are visible (decorated in blue by resin impregnation). The mean grain size is quite 
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homogeneous of about 200 µm in diameter. Grain fabrics are dominated by sutured and 
contacts possibly evolved by dissolution processes and grain re-arrangement during compaction. (b) SE 
micrograph of broken sample surface showing a grain of quartz embedded in illite clay. Two types of 
illite clay are distinguishable: tangential illite with platy morphology coats the quartz grain and 
hairy/fibrous illite grown quite perpendicular to the tangential illite substratum. 
 
Optical transmitted light microscopy (Figure III.18.a), EDX measurements and electron 
microscopy performed on broken surfaces (Figure III.18.b, c) and BIB cross-sections 
corroborate the presence of diagenetic clay minerals between the sand grains (Bashari, 1998). 
In the vicinity of non-clay minerals, these are predominantly illite while kaolinite is mainly 
present in the region surrounding the feldspars probably due to the replacement of original 
feldspar grains. Clay cementations are not post-dated by any other cement. In optical thin 
sections (Figure III.18.a), only the biggest primary pores at triple junctions (> 10 µm in size), 
decorated in blue by resin impregnation, are identified. However, SEM observations on broken 
surfaces (Figure III.18.b) and mechanically polished thin-sections (Figure III.18.c) show that 
these primary pores are not simply voids but complex pore microstructures based on the 
phyllo-mineral arrangement filling the inter-granular pore space. Figure III.18.b shows that the 
illite displays two different morphologies: fibrous/hairy or platy. The poor quality of 
mechanically prepared surfaces (Figure III.18) does not allow the detailed characterization of 
clay-pore microstructures. In contrast, BIB-prepared cross-sections show details of the 
morphology of pores in clay down to 10 nm in size (Figures III.19- III.25). 
By studying the relationships and microstructures between the different mineralogical phases, 
it appears that calcite, halite, feldspar and minor quartz species are involved in the early 
cementation of the sandstones. Euhedral quartz grains occur as overgrowth on quartz grains 
(Figure III.21.e, k, c), halite fills locally the intergranular volume as “pervasive-intrusions” 
(Figures III.19.a, III.21.a, c, e) and calcite and feldspars seem to fill simply the intergranular 
volume. Feldspar grains (and much less commonly calcite and quartz) exhibit clear evidence 
of diagenetic dissolution and alteration (Figures III.22 and III.23). Hematite grains (see Figure 
III.22.a) are sometimes found in the clay matrix but rare; this is in good agreement with the 
white/grey color of the sample since hematite is responsible for the “red bed“ color of 
Rotliegend sandstones (Torrent and Schwertmann, 1987).  
III.3.4.c. Pore microstructures  
In the following sub-sections, observations are only based on BIB cross-sections, which allow 
accurate and detailed investigation of pore microstructures at pore scale. 
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Figure III.19: BSE micrographs of sand fabric overview. (a) The general fabric and mineralogy of the 
Bahnsen sample: calcite (Cc.), quartz (Qtz.), feldspar (Felds.), halite, illite and kaolinite (Kaol.). (b) 
and (c) Fractures features. Illite cement is distributed along each grain contacts forming interconnected 
network. the two kinds of fractures were identified: F1 –fractures occur at the vicinity of grain 
boundaries, propagated within the clay cementation and have “tear like” morphology. F2 –fractures are 
systematically located within the grains with straight morphology and angular connections at fractures 
nodes. Both set of fractures are opened and never cemented suggesting late formation. 
• Fracture porosity 
As shown in Figures III.17, III.19 and III.25, both samples are significantly fractured. Two 
kinds of fractures are identified.  Both are open and never cemented. The first set of fractures 
(F1) occurs at the boundaries of clastic grains, in the clay cement (Figure III.19.b, c) or cutting 
the clay-clastic grain contact. F1-fractures have jagged-walls. Segmentation of the F1-fracture 
network (on single BIB cross-sections) and analysis using Image J 1.38x (Abramoff et al, 
2004) show that these fractures represent 1-2 % of the total polished cross-sections. The 
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second set of fractures (F2) is located within the clastic grains, with straight walls and abutting 
against other fractures. F2-fractures comprise 1-2 % of the total polished areas. Thus, the total 
porosity by fracturing (F1+ F2) is estimated equal to 2-4 % of the total surface revealed by BIB 
cross-sectioning.  
It is important to note here that in the case of the true 2D sections studied here, the area 
fraction in the image is a good measure of the volume fraction (Underwood 1970; Russ and 
Dehoff, 2000). In sections with topography or finite thickness this relationship rapidly gets lost 
(Krabbendam and Urai, 2003). 
Serial cross-sectioning experiment (Figures III.17 and III.25) shows that fracturing affects the 
entire mass of samples and that F1 fractures are particularly connected and promoted according 
to the distribution of illite cementation. 
 
 
 
Figure III.20: EDX mapping for chemical composition analysis. Grains forming the matrix are mainly 
quartz (Si + O) but calcite (Ca + C), feldspar (Si + K + Al) and halite (Na + Cl) are also significantly 
present. Large amount of clay materials, as illite (K + Al + Fe + Mg) and kaolinite (Al + Si), cements 
the sandstone. Yellow color gives the highest relative specie content and black the lowest. 
 
CHAPTER III: Characterization of porosity in low porous and low permeable clay-rich geomaterials 
Dr. Guillaume Desbois – Habilitation Thesis, 2014 263 
 
 
Figure III.21: SE and BSE micrographs of pore microstructures at pore scale. (a) Pore located at 
junction formed by four detrital grains (three quartz grains in deep black and one feldspar grain in 
This pore is early cemented by halite (white color) and postdated by illite cementation arranged 
tangential at the direct vicinity of the detrital grains edge and as “hairy/fibrous” toward the pore 
(b) Same pore presented in (a) showing the apparent surface porosity. (c) and (d) detail from (b). In 
hairy/fibrous illite, three types of porosity are visible in (d) (see the text for details). (e) Pore located at 
junction formed by three detrital quartz grains. This pore is locally early cemented by halite (white 
color) and postdated by illite cementation arranged tangential at the direct vicinity of the sand-grains 
edge and as “hairy/fibrous” toward the pore center. We see also euhedral quartz grain (Qtz*) 
from sand-grain and angular quartz grain as “floating” fragment (Qtz+). (f) Same region presented in 
showing the apparent surface porosity. (g) Tangential illite coating a calcite grain serving of 
for hairy/fibrous illite. (h) Pore space as appearing in hairy/fibrous material showing in detail the 
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meshwork formed by illite fibers aggregates close to the center of the pore shown in (f). (i) Detail of a 
single grain-grain contact filled with illite: tangential is coating edges of the two adjacent sand-grains 
while the median part of the contact is filled with hairy/fibrous illite. A F1 fracture is passing trough the 
illite filling at contact between tangential and hairy/fibrous illite. (j) Same region presented in (i) 
showing the apparent surface porosity. (k) Detail of apparent porosity as appearing in a large multiple 
grains junction. Edges of adjacent grains are coated by tangential illite while hairy/fibrous illite filled 
the center of the intergranular volume. Euhedral quartz overgrowth (Qtz*) are embedded into the illite-
rich region. 
• Non clay minerals 
Minerals such as quartz, feldspars and calcite (Figure III.22) show evidence of intra-crystalline 
porosity. Feldspar commonly exhibits intra-crystalline porosity with the pores having a 
pseudo-cubic morphology, which appears to be controlled by the crystal lattice. They are 
homogeneously distributed and have a range size of 200 - 500 nm. In calcite and quartz pores 
are rare, and occur as small rounded holes of around 500 nm in diameter, interpreted to be 
fluid inclusions cut by the ion beam. Some bigger pores (up to few µm) also occur with more 
jagged morphology and filled with visible hairy/fibrous illite (Figure III.22.d).  
• Clay minerals 
Figure III.21 presents images focused on illite -rich regions. SE images are used for 
topography investigations while BSE images give information about the nature of phases and 
details of phases’ arrangement. All prepared samples exhibit similar microstructures and pore 
morphologies in illite cementation, which occurs typically at grain contacts and filling the 
intergranular volume.  
Non-clay minerals are systematically coated with illite minerals, which are always tangentially 
organized to the surface of the sand grain, with a compacted fabric and pores close to the limit 
of SEM resolution. When they are visible, these pores are about 500 nm long and less than 50 
nm wide, elongated parallel to the adjacent surface of non-clay mineral.  
Toward the center of illite-rich regions, illite becomes significantly more porous. These clay 
particles have hairy/fibrous morphology forming a muddle meshwork with a slight tendency to 
be elongated perpendicular to the tangential illite. Here, we distinguished 3 main types of pore 
morphology: (1) Type I – elongated pores between similarly oriented clay sheets, (2) Type II – 
crescent-shaped pores in saddle reefs of folded sheet of clay and (3) Type III – large jagged 
CHAPTER III: Characterization of porosity in low porous and low permeable clay-rich geomaterials 
Dr. Guillaume Desbois – Habilitation Thesis, 2014 265 
pores where the density of hairy/fibrous illite is less. Type III pores are typically >1 µm, Type 
II between 1µm-150nm and Type I < 150 nm. 
 
 
 
Figure III.22: SE and BSE micrographs of intra-crystalline porosity observed in non-clay minerals. (a) 
and (b) In quartz, pores occur as small rounded hole of around 500 nm in diameter. Hematite grains 
are sometimes founded in the “hairy/fibrous” illite but rare. (c) and (d) In calcite pore occurs also as as 
small rounded hole of around 500 nm in diameter. More over, some of the largest pores are filled with 
“hairy/fibrous” illite (see detail in d.). (e) In feldspar grain, pores have preferentially pseudo-cubic 
morphology, homogeneously distributed (200-500 nm in size) and free of illite. 
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In our samples, illite-rich regions are mainly distributed along sand-sand contacts as an 
interconnected network (Figures III.19.a, III.20 and III.24). The study of the serial cross-
sectioning experiment (Figures III.17 and III.25) shows the spatial variability of illite cement 
distribution in 3D, corroborating that illite cement is matching the outer part of grains forming 
the sand by filling all the intergranular volume. In detail, primary multiple grain junctions are 
mostly filled by hairy illite while single primary grain-grain contacts are typically fully filled 
by tangential illite. 
Another type of clay was identified to be kaolinite, which is locally found in the region 
surrounding the weathered feldspar grains. Kaolinite-rich regions have porosity characteristics 
within the range of tangential illite and hairy/fibrous illite.  Pore morphologies of kaolinite-rich 
regions are in the range of the Type I and II as described above for hairy/fibrous illite. 
However, here the typical pore sizes are significantly smaller: Type II between 400 nm - 
100nm and Type I < 50 nm. Figure III.23.a, b show an example of the coexistence of illite and 
kaolinite clays. 
III.3.4.d. Quantification of porosity in significant porous regions 
Based on observations of more than 50 positions in the sample, all the different types of pores 
related to identified specific minerals and regions described in section III.3.3.c are very similar 
in all studied positions. Therefore, a detailed study of few selected positions (typical examples 
in Figure III.23) is taken to be representative for porosity content of the specific regions (Table 
III.3). Further quantification of this is in progress. 
Figure III.23.a, b shows porosity in adjacent areas formed by the succession of tangential illite,  
hairy/fibrous illite, feldspar and kaolinite. The tangential illite has low porosity at the 
resolution of SEM (2%). Kaolinite has a typical porosity of 5 % and pore size of 0. 8 micron; 
feldspars have a porosity of 16 % and a pore size of 1.3 micron. The hairy/fibrous illite is the 
most porous region (24 % of porosity in regions exclusively filled with hairy/fibrous illite) and 
pores around 1.3 micron. Generally pores have elongated shape (axial ratio greater than 2) but 
less pronounced for feldspars and kaolinite. The shape of pores in illite is individually 
controlled by the orientation of clay sheets at contact forming pores of type I, II or III as 
described in the section III.3.3.c  (Desbois et al., 2009).  
Figure III.23.c, d shows a second typical porous region for primary multiple grain junctions 
formed by three grains of quartz partially cemented by illite and a floating angular quartz 
fragment. Averaged total porosity in multiple grain junctions is about 33 %. Here, illite is 
organized tangentially at edges developing more and more hairy towards the center of the 
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triple junction. Between these two end-members, illite trends to become hairy by bending its 
tangential organization according to the curvature of the quartz edges. This gradual 
development of illite microstructures is observed and quantified by the systematic increasing 
of the mean pore size and the total porosity contribution towards the center (Table III.3).  
 
 
 
Figure III.23: Distribution and segmentation of porosity from typical and representative porous 
regions. Tangential illite (I), hairy/ fibrous illite (II), kaolinite (III), feldspar (IV) and bended tangential 
illite (V). different regions are outlined by red dashed lines. (a) Different adjacent porous regions (I +II 
+III + IV). The mineral at the down right corner is calcite. (b) Segmented porosity as appears in 
micrograph (a) used to quantify and describe statistically the porosity. Each region is encoded by a 
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different color (see the legend on figure). (c) Typical evolution of porosity into a multiple grains 
junction region partially cemented by illite and floating angular quartz fragment. Illite becomes much 
more porous towards the center of pore until it developed a pronounced hairy fabric. (I + II +III +V) 
regions are distinguished. (d) Segmented porosity as appears in micrograph (c) used to quantify and 
describe statistically the porosity. Each typical region is encoded by a different color (see the legend 
directly on the figure). 
 
 
 
Table III.3: Quantitative analysis of porosity and estimation of total porosity from microstructural 
investigations 
 
 
 
 
 
Figure III.24: BSE micrograph of the entire first cross-section from the serial cross-sectioning 
experiment showing the position of two selected regions of interest presented in Figure III.25. Darker 
grey value indicates quartz grains while lighter grey values indicate mostly calcite, feldspars and calcite 
at the scale of micrographs. 
Geomean Std. Geomean Std.
Quartz N.P N.P N.P N.P 52 0.00 0.00
Calcite N.P N.P N.P N.P 10 0.00 0.00
Feldspar 1.31 1.63 1.88 1.29 6 16.22 0.97
Kaolinite 0.81 0.63 2.35 1.62 4 4.93 0.20
Illite at single grain-grain contacts 10 2.00 0.20
Tangential illite 0.76 0.34 3.64 1.67
Illite at multiple grains junctions 15 32.65 4.90
Tangential illite 0.61 0.53 3.65 1.95
Bended tangential illite 0.96 1.38 4.17 1.84
Hairy/fibrous illite 1.37 3.07 4.51 2.02
Fractures 3 100.00 3.00
1
 Average inferred from optical thin-sections by point counting method
2
 Inferred by porosity segmentation of typical regions identified from microstructural investigations at pore scale
3
 Measured porosity from drill-core, no overburden correction
Geomean: Geometric mean - most representative value for lognormal distribution
Std: standard deviation
N.P.: considered as Non Porous
Bulk porosity
3 
(%)
Estimated total 
porosity (%)
8.72 9.27
Region
Pore size (!m) Axial ratio
Amount
1
 (%) Porosity
2
 (%)
Contribution to 
total porosity (%)
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Figure III.25: Serial SE high magnification micrographs of two selected regions of interest (Position 1 
and position 2) cropped from the five successive cross-sections produced by the serial cross-sectioning 
experiment. These series shown the development of pores filled by hairy/fibrous illite and fracture (F1) 
feature with increasing depth in sample. Because of SE micrograph, tangential illite is not visible in this 
figure but fit the F1-fracture network. Some quartz overgrowths (Qtz*) are embedded in hairy/fibrous 
illite-rich regions. The two black squares appearing in 2d and 5th cuts from position1 are missing 
pictures in the image set. 
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III.3.5. Discussion 
Microstructural observations presented in this contribution are in good agreement with the 
previous studies about illite characterization in reservoir sandstones. New insight is gained of 
porosity in clay-rich diagenetically altered samples by the preparation of extreme high quality, 
true 2D surface, revealing unprecedented detail of pore space and allowing quantitative 
analysis of the microporosity. More over, the use of the BIB instrument to produce serial 
cross-sections allows characterizing the fabric in 3D. 
III.3.5.a. Microstructures and diagenesis 
Though the aim of this contribution is not the study of diagenetic processes occurring in 
Rotliegend tight gas reservoir sandstone, we recognized many of the twelve diagenetic types 
distinguished in Gaupp (1996) and Schöner (2006).  Following the interpretations in Gaupp 
(1996) and Schöner (2006), studied samples give evidence for the following phases in 
chronological order: Sebkha type (SB), Illite coating type (IC), Hematite type (H), Feldspar 
leaching type (FL), Kaolinite type (K), Illite meshwork type (IM) and possibly the late quartz 
type (Q) for only the Bahnsen sample. Thus, our observations are in good agreement with the 
general model of Rotliegend sandstone diagenesis (Macchi, 1987; McCann, 1998; Lanson et 
al., 2002; Ziegler, 2006; Abraham, 2007), and are interpreted to represent common rock and 
diagenesis types from the Rotliegend. 
III.3.5.b. Fracturing  
The morphology of F1-fractures indicates that these fractures are late and were formed by 
relaxation of stress (from over 200 MPa to atmospheric) after drilling by core damage (Holt et 
al., 1994).  
Although intra-crystalline fracturing in sandstones due to compaction is a common process 
(Chester et al., 2004), the F2-fractures are not compatible with the burial history because they 
are free of cementation or pressure solution. This indicates that F2-fractures also formed late 
by core damage (Holt et al., 1994; Haimson, 2007). 
Core damage is a common problem when evaluating reservoir porosity and correction for core 
damage is an as yet unsolved question. Using the technique presented here, the porosity due to 
core damage can be quantified by image analysis. 
III.3.5.c. Intragranular volume filled by Illite 
In sedimentary basins, illite is present as detrital matrix and as diagenetic cement. Diagenetic 
illite forms after burial to significant depth (Macchi, 1987; Meunier and Velde, 2004; Schöner 
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et al., 2008). Fibrous illite growth in the Central European Basin sandstones is episodic as 
determined by K-Ar measurement (Wilkinson and Hasseldine, 2002), rapid as suggested by 
their elongated morphology (Mullin, 1961) and their nucleation is almost exclusively upon 
preexisting illite grain coating (Pollastro, 1985; Whitney and Velde, 1993). Illite growth is a 
major factor in reducing the porosity and permeability of reservoir rocks (Stadler, 1973; 
Seeman, 1979; Kantorowicz, 1990) and cause major problems during enhanced recovery 
(Kantorowicz et al., 1986).  Until now, direct quantitative analysis of the morphology of illite 
cement and its effect on permeability (Pallat et al., 1984; Ziegler, 2006) has been difficult, 
because it was not possible to prepare 2D cross sections and 3D models of porosity 
(Underwood, 1970; Desbois et al., 2009) and because it was not clear to what extent the fabric 
of the illite is altered by the methods used to clean and prepare the samples for analysis 
(Rahman et al., 1995), or by the analysis itself (Hildenbrand and Urai, 2003). 
After drilling, the core samples studied by us were only subject to slow drying in air. Critical 
point drying (Huggett, 1982; De Waal et al., 1986; Nadeau, 1998;) to eliminate the capillary 
forces during drying which are known to possibly change the fabric of the thin illite fibers, was 
not possible. 
In the studied samples, illite is the major clay mineral cementing the grain fabric and filling the 
intergranular volume (also primary porosity). Illite is defined either by fibrous or platy 
morphology (Seeman, 1979; Huggett, 1982; Nadeau et al., 1985). Illite cementation reduces 
the intragranular volume by more than 60% in multiple grain junctions and by more than 95% 
at single grain-grain contacts. These differences are attributed by different illite particle 
organization: (1) in multiple grains junctions, adjacent grains are coated by very compact and 
poorly porous tangential illite (about 5 µm thick) while much more porous and connected 
hairy/fibrous illite fills the remnant space of the intergranular volume contributing to 70% of 
porosity in this particular regions; (2) at single grain-grain contacts, intergranular volume is 
exclusively filled by poorly porous tangential illite. 
From a 3D point of view given by the serial cross-sectioning experiment (Figure III.25), 
intragranular volume appears then fully filled by illite. When the intragranular volume is 
located at multiple grains junction, hairy illite is able to develop toward the center of the 
primary pore from tangential illite substrate and results in relative highly porous regions. 
When intragranular volume is located at only two grains interface, hairy illite is rare and the 
intragranular volume is then entirely filled by tangential illite and results in very low porous 
regions. Therefore, the intragranular volume results in a network of large intragranular 
volumes mainly filled with relative high porous hairy illite connected by poorly porous 
“intragranular volume throats” filled with tangential illite.  
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According to Bushell (1986), illite arranged tangential to the grain surfaces has less effect on 
permeability than perpendicular clay minerals and hairy/fibrous illite has a lesser effect in 
reducing porosity than tangential illite. 
III.3.5.d. Estimation of total porosity from micro-investigations - Geometric homogenization 
Because our approach combining Ar-beam cross-sectioning and high-resolution SEM imaging 
enables the detection of pore microstructure in a high quality true 2D cross-section, porosity at 
pore scale can be segmented reliably and then quantified and statistically interpreted. This has 
the potential to model porosity by a combination of characteristics at the scale of sand grains 
(Intergranular Volume) with information at much finer scale to predict with macro-scale pore-
permeability properties.  
Microstructures were linked to bulk porosity by using a simple porosity homogenization since 
porosity is only based on geometric considerations: the total porosity was estimated by the sum 
of individual porosity content of typical representative porous regions (Examples in Figure 
III.23) convoluted by the percentage amount of each of these regions (Table III.3). 
Based on point counting performed on thin sections, our sample consists mainly of quartz 
(52%), calcite (10%), feldspars (6%), kaolinite (4%), illite cementation at narrow grain 
contacts (10%), big pores at triple junction (blue epoxy in Figure III.18.a) cemented by illite 
(15%) and fractures (average of 3%, see section III.3.3.a). The porosity of these different 
typical representative porous regions was inferred from segmentation of porosity from our 
microstructural investigations at pore scale (Table III.3). Quartz and Calcite are assumed non-
porous and we neglected other minor regions known to occur in these samples. Table III.3 
summarizes data used for the estimation of the total porosity.  
The total porosity (9.27%) estimated for the studied sample is in good agreement with the bulk 
porosity (8.72%) of a similar sample measured on a core plug of about 10 cm3. At first, our 
study shows that illite filling the intra granular volume and fractures both contribute mainly to 
the porosity (Table III.3). In second, our microstructural investigations at pore scale show also 
that illite cements and fractures form an interconnected network. Therefore, this is proposed to 
explain why the total porosity estimated by our microstructural investigations (9.27%) matches 
very well with the effective (connected) porosity measured by mercury porosimetry (8.72%). 
The slight discrepancy between measured bulk porosity (8.72%, which is in deed the 
connected porosity) and our estimated porosity (9.27%, i.e. apparent porosity in 2D cross-
sections) may be due to local heterogeneities in the sample which we missed in our 
microstructural observations, errors in pore counting, or/and due to porosity in feldspar grains 
(Contribution to total porosity estimated around 1 %, Table III.3) since our estimation includes 
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it implicitly as connected to clay minerals (Tangential and hairy/fibrous illite + Kaolinite) 
which are assumed to be connected and contributing in majority to the overall permeability. 
Anyway, this discrepancy is lower than 5 % and could be considered as acceptable. Because in 
our estimation quartz and calcite grains were assumed non-porous though few intra-crystalline 
pores were detected (Figure III.22) and because measured and estimated porosity are in the 
same range, these suggests that pores in quartz and calcite are poorly connected to the overall 
fabric and thus do not contribute significantly to the effective porosity. 
 
 
 
Figure III.26: Fabric and porosity 3D-model in an idealized tight gas sandstone reservoir from 
Rotliegend formation (Bahnsen member, Arsten Graben, south of Bremen, Germany). This model 
compiles all microstructural informations detailed in this contribution. See text for details. 
III.3.5.e. Fabric and pore 3D-model  
This contribution gives a first impression of the complex micro-porosity at pore scale in tight 
gas sandstones. Figure III.26 presents a 3D model of fabric and porosity occurring in the 
studied sample (Rotliegend sandstone, Bahnsen member, Arsten graben, Bremen, Germany) 
compiling all microstructural information detailed above. 
The model (Figure III.26) presents a Bahnsen sample with grain matrix comprising quartz, 
calcite and feldspar partially weathered into kaolinite. The intergranular volume, 
corresponding to initial free-space between the grains forming the matrix, is cemented by 
euhedral quartz overgrowth, halite and calcite; the remnant free space is fully filled by illite. 
Tangential illite coats systematically grains forming the matrix over a thickness of 1-5 µm; at 
multiple grains junctions, there is enough free-space left for hairy/fibrous illite development. 
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Therefore in 3D, the intragranular volume appears then fully filled by illite with highly porous 
regions (corresponding to hairy illite at multiple grains junctions) connected by poorly porous 
“intragranular volume throats” (corresponding to tangential illite at single grain-grain 
contacts).  
SEM micrographs were added in this model to reflect the diversity of typical pores 
morphologies observed in our samples. Feldspar grains commonly exhibit intra-crystalline 
pores with pseudo-cubic morphology. In calcite and quartz, pores originate from fluid 
inclusions appearing as small rounded holes. Some bigger pores occur also in calcite grains 
with more jagged morphology and filled with visible hairy/fibrous illite. Pores in tangential 
illite are elongated and laying between two clay sheet aggregates, while hairy/fibrous illite 
displays 3 types of pores whose shapes is controlled by the organization of clay sheet 
aggregates (Type I, II and III). Kaolinite-rich regions bear pores with similar morphologies as 
found in hairy/fibrous illite regions (Type I and II) but with smaller pore size.  
Fractures identified in our investigations were not included in this model since they are not 
primary but induced by core sample collection. 
This 3D view of porosity fabric in a tight gas reservoir presents the concept of porous fill of 
the Intergranular Volume with relevant implications for fluid flow simulation in sandstone 
reservoir. The lattice- Boltzmann method was applied successfully on clean sandstone 
(Sholokhova et al, 2009) with intragranular volume free of clay cements. For tight gas 
reservoir sandstone, this simulation approach is more challenging since the intergranular 
volume is cemented with permeable clay (Tölke et al, 2010). The model presented here forms 
the basis for incorporating the transport properties of the pore fill into fluid flow simulations in 
tight gas reservoirs, by assigning representative permeabilities to the different diagenetic pore 
fills of the Intergranular Volume, and incorporating this information in network models of the 
intergranular volume as determined by micro-CT. 
III.3.6. Conclusion 
The use of the Argon beam for polished cross-sections preparation produces very high quality 
sections without damage and artifact to investigate quantitatively the pore network in tight gas 
sandstones at the-state-of-the-art SEM resolution. This method has the potential to bring out a 
new concept for porosity investigation in tight gas sandstones by bridging the information 
based on microstructures at pore scale with macro-scale properties. It offers also the basis for a 
fundamental understanding of pore geometry, fluid flow, and, in combination with cryogenic 
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techniques (Desbois et al, 2009, 2008; Holzer et al, 2007) will offer insight in the geometry 
and wetting characteristics of in-situ fluid phases in sandstone reservoirs. 
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 CHAPTER IV:  
Synthesis and outlooks 
n chapters II and III, I chose to present only my publications where I am first 
author. However, others publications, I contributed significantly (e.g. paper of 
PhD students I supervised and visiting scientists I contributed with) are also 
important to understand the continuity and the progression of my overall scientific 
works. Therefore, the chapter IV gives at the beginning of sub-chapters a brief 
description (i.e. original abstracts) of additional publications mentioned above. 
These latest are accompanied with essential figures needed to illustrate key 
informations included in the synthesis of my habilitation’s thesis. This chapter is 
also describing the main outlooks of my works as currently explored and it is 
organized on three sub-chapters as following: (1) microstructures, deformation 
mechanisms and rheology of halite salt rocks; (2) microstructural characterization 
in low permeable fine-grained clays and shales; and (3) nano-porosity in tight gas 
sandstones 
 
Microstructural investigations of thin sections decorated by gamma-irradiation on 
naturally deformed salt rocks point to active pressure solution creep at natural 
conditions both in extruded salt body (Qom Kuh salt fountain, central Iran) and in 
salt from underground salt mine (Neuhof mine, Germany). In salt fountain, 
dislocation creep is also recognized but it cannot be responsible for relative fast 
flow of the extruded salt  (in contrast to pressure solution creep). Evidences for 
dislocation creep are interpreted to be the response to the relaxation of stress when 
the salt diapir reaches the surface. The key point of salt rock kinetic is the grain 
boundary mobility related to grain boundary fluids. Development of new tools 
(FIB-BIB-cryo-SEM) allows investigating in detail preserved grain boundary 
fluids down to few nanometers in resolution. The study of fluid distribution in 
naturally salt rock from salt glacier indicates that grain boundaries are healed at the 
time of observations and, because pressure solution was evidenced in same 
I 
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samples in thin section, are not representative of the deforming grain boundary 
microstructure suggesting that grain boundary analysis have to be done under 
stress. BIB-cryo-SEM investigations of static recrystallized synthetic samples show 
that grain boundaries evolve relatively fast towards healed grain boundaries 
resulting in isolated fluid inclusions. Grain boundary healing is interpreted to stop 
the mobility of grain boundaries. 
 
The application of ion beam beam milling techniques to fine-grained clays and 
shales allows investigating porosity with unprecedented clarity and resolution 
(down to few nanometers) within representative elementary areas under SEM. 
SEM imaging of pore structures on ion beam prepared surface gives both 
qualitative and quantitative insigths of porosity in 2D cross sections. Segmentation 
of porosity combined with segmentation of mineralogy provides porosity related 
mineralogy maps and results in the concept of “elementary building blocks”. We 
observed also that the distribution of pore-area sizes is power-law distributed 
suggesting the self-similarity of pores. This is used to extrapolate porosity 
including pores not visible at the resolution of SEM. At first order, this approach 
allows upscaling by estimating the porosity as measured by mercury porosimetry. 
The combination of cryogenic techniques with ion beam milling preparation allow 
studying pore fluids in preserved clay-rich samples at scale below few tens 
nanometers. The characterization of pore network in volume is currently done by 
using FIB-SEM method in order to access to pore throats and try to find correlation 
between volumetric measurements (FIB-SEM) with 2D porosity analysis (BIB-
SEM) and bulk porosity measurement (e.g. mercury porosimetry). First results 
indicate a clear difference in pore connectivity in reference clay for research 
(Opalinus Clay vs. Boom Clay): porosity in Boom Clay being significantly 
connected at the resolution of SEM in contrast to Opalinus Clay. Flow and 3D pore 
network properties of clays and shales have been initiated with an analogue of 
mercury injection porosimetry based on Wood’s metal. Wood’s metal has the big 
advantage to be solid at room temperature and make then possible microstructural 
investigation of Wood’ metal filled pores (with BIB-SEM) after metal injection. 
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Preliminary results suggest that metal injection porosimetry has to be considered 
with care because of sample collapsing. 
BIB-SEM investigations of naturally and experimentally deformed clay are 
currently in progress in order to identify deformation mechanisms in different 
kinds of clay at small-scale level. 
 
BIB-SEM method was also aplied to tight gas sandstones with success giving new 
insigths on nano-porosity. For the first time BIB-SEM was tried in serial sectioning 
in order to estimate evolution of microstructures in volume.  However, tight gas 
sandstones have a much bigger grain size than Clays and Shales and BIB-SEM 
does not cover representative areas of mineral fabric Therefore, this is questioning 
the representativeness of the porosity investigations. One alternative should be to 
consider the “elementary building blocks” as proposed for Clays. In order to test 
this hypothesis, a detailed quantification of porosity’s characteristics per clay-
cement phases from statistically representative pore numbers systematically 
imaged within several BIB cross-sections (2D) but also in 3D (FIB-SEM) are 
currently done. Preliminary results tend to validate the hypothesis above and 
indicate that if clay cement contributes to the tightness of the sample, their porosity 
is also connected at SEM resolution.  
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IV.1. Microstructures, deformation mechanisms and rheology of 
halite salt rocks 
IV.1.1. Additionnal publication about microstructural study of gamma-irradiated 
halite salt rock 
In the frame of DAAD scholarships Dr. Prokop Zavada (Institute of Geophysics ASCR, 
Prague, Czech Republic) get the possibility to visit my institute at RWTH Aachen University 
for few months (8 months in total). This collaboration was very fruitful and pleasant. In the 
direct line of Desbois et al. (2010), we published together a work about microstructures in 
naturally deformed fine-grained halite salt rock from perennial Zechstein sequence (Neuhof 
salt mine, Germany). 
 
Schléder (2006), Schoenherr et al., (2010) and Desbois et al., (2010) summarized the 
microstructural mechanisms that control creep of salt in the entire salt diapiric system from the 
“source layer”, to the salt “stock/wall” and extrusive “glacier/fountain” (Talbot and Jackson, 
1987; Talbot, 1998), respectively. Although the relative contribution and activity of these 
mechanisms can strongly vary in different layers of salt, the general scheme is as follows: high 
differential flow stresses in the source layer and salt stock/wall are responsible for combined 
grain boundary migration (GBM) and subgrain rotation (SGR) producing dynamically 
recrystallized fabric, while extrusive salts that are associated with relatively low flow stresses 
(Schléder and Urai, 2008) reveal dominant activity of solution-precipitation (SP) creep 
coupled with grain boundary sliding (GBS) typical for the fine grained fabric and elongated 
grains (Desbois et al., 2010). An exception from this simplified summary of identified 
deformation mechanisms in rock salt is represented by the Zechstein salt in the Werra and 
Fulda basin, Neuhof, Germany, where the intense folding of a narrow fine-grained perennial-
lake sequence was accommodated by SP creep and GBS (Schléder et al., 2008).  
 
In the next sub-section, main results (i.e. original abstract) and key figures of the fully 
published work are given.   
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IV.1.1.a. Extreme deformation of fine-grained salt by coupled solution-precipitation creep 
and microfracturation: microstructural evidence from perennial Zechstein sequence 
(Neuhof salt mine, Germany)  
 
Published as: Zavada P., Desbois G., Schwedt A ., Lexaand O. and J.L. Urai (2012). Extreme 
deformation of fine-grained salt by coupled solution-precipitation creep and microfracturation: 
microstructural evidence from perennial Zechstein sequence (Neuhof salt mine, Germany). 
Journal of Structural Geology, 37: 89-104. 
 
Abstract 
Microstructural study revealed that the ductile flow of intensely folded fine-grained salt 
exposed in an underground mine (Zechstein-Werra salt sequence, Neuhof mine, 
Germany) was accommodated by coupled activity of solution precipitation (SP) creep and 
microcracking of the halite grains. The grain cores of the halite aggregates contain 
remnants of sedimentary microstructures with straight and chevron shaped fluid inclusion 
trails (FITs) and are surrounded by two concentric mantles reflecting different events of 
salt precipitation [Figure IV.1.a-b]. Numerous intra-granular or transgranular microcracks 
originate at the tips of FITs and propagate preferentially along the interface between 
sedimentary cores and the surrounding mantle of reprecipitated halite [Figure IV.1.f-h]. 
These microcracks are interpreted as tensional Griffith cracks. Microcracks starting at 
grain boundary triple junctions or grain boundary ledges form due to stress concentrations 
generated by grain boundary sliding (GBS). Solid or fluid inclusions frequently alter the 
course of the propagating microcracks or the cracks terminate at these inclusions. Because 
the inner mantle containing the microcracks is corroded and is surrounded by microcrack-
free outer mantle [Figure IV.1.c-e], microcracking is interpreted to reflect transient 
failure of the aggregate. Microcracking is argued to play a fundamental role in the 
continuation and enhancement of the SP-GBS creep during halokinesis of the Werra salt 
[Figure IV.2], because the transgranular cracks (1) provide the ingress of additional fluid 
in the grain boundary network when cross-cutting the FITs and (2) decrease grain size by 
splitting the grains. More over, the ingress of additional fluids into grain boundaries is 
also provided by non-conservative grain boundary migration that advanced into FITs 
bearing cores of grains. Described readjustments of the microstructure and mechanical 
and chemical feedbacks for the grain boundary diffusion flow in halite–brine system are 
proposed to be comparable to other rock-fluid or rock-melt aggregates deforming by the 
grain boundary sliding (GBS) coupled deformation mechanisms. 
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Figure IV.1: (A. and B.) Concentric core-mantle microstructures. The pink-violet cores of grains (C) 
contain straight fluid inclusion trails (FITs). The pale blue mantles (M) and dark blue rims (R) surround 
the pink-violet cores. (C.-E.) Truncation of sedimentary fluid inclusion trails. Two types of truncation 
patterns are identified in the micrographs: the first (T-I) is defined by intergranular contact of the pink-
violet core bearing the fluid inclusion trail with adjacent grain while the second (T-II) is characterized 
by intragranular contact between the FIT and pale blue mantle. Note a white line following the pink-
violet core and pale blue mantle interface in (D.) and (E.). (F.-H.) Transgranular microcracks (white 
lines in micrographs). (F.) Transgranular microcracks through violet core and pale blue mantle 
(G.) Two transgranular microcracks (TM) crosscutting the violet core and pale blue mantle domain. 
Note that the curved microcrack follows the solid inclusions (SI). (H.) Transgranular microcrack (TM) 
connecting a grain boundary triple point junction and a grain boundary ledge, respectively that 
encompasses relatively small domain of the grain. 
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Figure IV.2: Schematic diagrams depicting the evolution of the microstructure during the halokinesis of 
the Werra rock salt layer. (A) Deposition in the perennial lake environment produces accumulations of 
rectangular halite flakes with enclosed fluid inclusion trails (FITs) along the 100 cleavage planes of 
halite  Compaction and diagenesis of the early deposit likely accumulates stresses at grain contacts that 
produce transgranular cracks. (B) Incipient flow of salt is accommodated by solution-precipitation (SP) 
creep coupled with grain boundary sliding (GBS). Microcracks (in white) develop preferentially at the 
tips of FITs and propagate at an angle of 52° with respect to FIT and/or along the interfaces of FIT 
bearing cores of grains and newly precipitated salt (insets B1 and B2). Other microcracks originate at 
grain boundary triple point junctions or grain boundary ledges (inset B2). (C) Continuation of SP-GBS 
creep produces partial solution of the damaged grains and precipitation of new salt indicated by dark 
blue colors. The continuation of SP-GBS is facilitated by input of brine into the system from the FITs, 
where the microcracks crosscut the grain cores along the FITs (inset C2) or where the FITs were 
excavated by non-conservative grain boundary migration (inset C3). Microcracking decreases the 
average grain size of the aggregate (inset C1), further promoting the SP-GBS creep at lower flow 
stresses. 
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IV.1.2. Specific methods for microstructural studies in salt rocks 
Microstructural studies reported in this habilitation thesis are based mainly on three specific 
methods, which are essential for salt rocks. The three methods I developed and used are the 
following: (1) decoration of microstructures by gamma-irradiation (Desbois et al., 2010; 
Zavada et al., 2012), (2) ion beam beam milling tools (focussed ion beam-FIB and broad ion 
beam-BIB) to prepare extremely high quality cross-sections suitable for SEM imaging down to 
nanometer scale, (Desbois et al., 2008, 2012b, 2013; Zavada et al., 2012) and (3) cryogeny 
both to preserve specimen from drying damages and quench fluid within pores and grain 
boundaries. (Desbois et al., 2008, 2012a+b, 2013). The combination of methods (2) and (3) 
allow SEM imaging of preserved wet structures on atomically smooth cross-sections at cryo-
temperature (Desbois et al., 2008, 2012b, 2013). Particularly, I developed a novel instrument 
allowing argon broad ion beam tomography in a cryogenic scanning electron microscope 
(BIB-cryo-SEM) to study representative microstructures in sedimentary rocks containing pore 
fluid (Desbois et al., 2013). In comparison with the complementary and overlapping 
performances of the BIB-SEM method with FIB-SEM and X-ray tomography methods, the 
BIB cross-sectioning enables detailed insights about morphologies of pores at greater 
resolution than X-ray tomography and allows the production of large representative surfaces 
suitable for FIB-SEM investigations of a specific representative site within the BIB cross-
section. 
All of the three methods mentioned above enable microstructural studies of salt rocks both at 
the scale of grains (Methods 1) and at the scale of grain boundaries (Methods 2 and 3). 
IV.1.3. Active deformation mechanisms inferred from gamma-irradiated samples 
of naturally deformed salt rocks 
Deforming rock salts in nature offers a unique opportunity to reconstruct deformation 
conditions in slow creep for rock salt based on identification of deformation mechanisms and 
constitutive equations from laboratory calibrations, experiments and theory. Dislocations creep 
and grain boundary (GB) dissolution-precipitation processes, such as solution-precipitation 
(SP) creep and dynamic recrystallization, play a significant role in the rheology of salt diapiric 
systems.  
Based on the samples from the Qom Kuh salt fountain (central Iran), the microstructural 
analysis of the gamma-irradiated specimens (Desbois et al. 2010) revealed that: (1) the internal 
parts of porphyroclasts in all samples preserve deformation microstructures recording the high-
stress deformation conditions from the diapiric stem (≈ 4 MPa based on piezometric analysis), 
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(2) differential stress drop and recovery of rock salt during dynamic recrystallization and 
decelerating divergent flow above the extrusion orifice is reflected by grain growth and 
edgewise propagation of sub-grains by grain boundary migration (GBM), (3) the transition 
from GBM controlled dislocation creep with subordinate pressure solution-grain boundary 
sliding (PS-GBS) in the top and middle part of the extrusion to dominant PS-GBS with 
subordinate GBM and probably sub-grain rotation (SGR) in the distal part of the salt fountain, 
(4) the role of combined activity of GBM and SGR for grain size reduction induce the switch 
from dominant dynamic recrystallization into dominant SP creep from the top and middle part 
to the distal part of the salt fountain and (5) penetration of rainwater into the salt mass and the 
trapping of small amount of fluid as fluid inclusions originating from rain water may enhance 
GBM and PS-GBS mechanisms. 
In the source layer, represented by perennial Zechstein salt from Neuhof (Schleder et al. 2008, 
Zavada et al. 2012), the ductile flow of intensively folded fine-grained perennial sequence was 
accommodated by coupled activity of SP creep and micro cracking of the halite grains. This is 
reflected by (Figure IV.3.b): (1) two concentric mantles surrounding the grain cores of the 
halite aggregates produced by two distinct events of salt precipitation (the grain cores contain 
remnants of sedimentary microstructures), and (2) numerous intra-granular or transgranular 
microcracks that developed primarily at the tips of fluid inclusion trails and grew along the 
residual sedimentary core and reprecipitated mantle interface in individual grains. Because 
micro cracking is not continuous in time, the salt creep may thus undergo some flow peaks. 
This process appears strongly like the complex interactions between mechanical softening 
(brittle deformation, grain size reduction) and chemical hardening (healing of inter- and 
intragranular microcracks by precipitation during PS) described by Niemejer et al. (2010) 
about an experimental study of mechanical behavior of fault gouge in halite. For the salt 
source layer, the influence of mechanical softening and the chemical hardening in the 
particular regime of ductile flow has still to be studied and may be done by mechanical tests in 
torsion, notably with a Paterson machine (Wenk et al., 2009). Furthermore, the deformation 
mode revealed by Zavada et al. (2012) might be also a good analogue to describe 
superplasticity in ceramics, or the deformation of mineral aggregates in presence of fluid or 
amorphous phases at grain boundaries because the mechanisms related to GBS are considered 
as essential in this kind of systems (Langdon & Vastava, 1982; Zhang et al., 1994; Ranalli, 
1994, Dimanov et al., 1998, 2005) but difficult to reproduce in laboratory experiments (e.g. 
Rutter & Neumann, 1995; Gleason et al., 1999; Rosenberg & Handy, 2005; Rybacki & 
Dresen, 2008). 
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Figure IV.3 summarizes the deformation processes based microstructures studies occurring in 
the context of the Qom-Kuh salt fountain (Desbois et al. 2010) and the Neuhof salt source 
layer (Zavada et al., 2012) with typical gamma irradiated microstructure related to deformation 
mechanisms. 
 
 
 
Figure IV.3: Schematic model of active deformation mechanisms occurring in the Qum-Kuh salt 
fountain (after Desbois et al. 2010) and in the Neuhof salt source (after Zavada et al., 2012). Typical 
grain microstructures revealed from gamma-irradiation in samples from the salt glacier (A., Kum Quh, 
central Iran) and salt source (B., Neuhof mine, Germany). In A.: (1) A strain-free grain growing at the 
expense of sub-GB-rich grain typical for GBM; (2) sub-GB-poor core - sub-GB-rich mantle structure 
indicating SGR; (3) truncated growth bands and (4) pressure fringes in stress shadows of grains 
indicate PS. In B.: (1) concentric mantles (M1, M2) - core (C) structure underlined by different blue 
color intensity interpreted to reflect two successive events of PS (M1, M2) surrounding synsedimentary 
fluid-inclusion-rich core (C); (2) truncated synsedimentary cores corroborating PS (Contact of type I is 
related to the second event of PS and type II to the first event of PS); (3) Intra-granular fracturing 
initiated at the tips of a synsedimentary fluid-inclusions trail; (4) transgranular fracturing driven by the 
alignment of solid inclusions. 
 
The microstructural study of an extrusive salt body conducted by Desbois et al. (2010) 
concludes about a switch in deformation mechanisms from dominant dislocation creep at the 
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top of the Qom-Kuh salt fountain to dominant SP creep in the distal part of the salt fountain, 
which results in a dramatic softening of the salt fountain. However, the exact conditions of the 
switch in deformation mechanism and its variability along the stratigraphy of salt rock forming 
the salt fountain are not yet fully understood. An on-going work (in collaboration with Dr. P. 
Zavada, Institute of Geophysics ASCR, Prague, Czech Republic), as a follow-up study after 
Desbois et al. (2010), aims to understand in more detail the salt flow dynamics in the extrusive 
salt of Kuh-e-Namak (Dashti, Iran) by detailed correlation of structures at outcrop scale and 
evolution of deformation mechanisms using microstructural analysis. The effective viscosity 
contrasts and deformation partitioning in the fountain are questioned for damped (dirty) fine-
grained mylonitic rock salts in contrast to coarse grained, red and honey brown coloured salts 
without impurities. The salt flow episodes and original stratigraphy are analysed using the 
distribution of different salt types. This study will be also the occasion to develop the method-
toolbox dedicated for microstructural study of salt rocks. In addition to gamma-decoration of 
microstructure and ion-beam-cryo-SEM investigations, a big effort is doing to analyse fabrics 
by other methods, such an orientation imaging using X-ROI and EBSD and anisotropy of 
magnetic susceptibility (AMS) from magnetic impurities. Because of the large sample set (> 
100 samples) and complementary method used for the microstructral study this on-going study 
will provide an unprecedented microstructural dataset that will form the basis for further 
quantitative (numerical) model of deformation mechanisms in salt diapirs and glaciers.  
Off course, a direct application of methods and procedure developed for the above studies is 
the study of microstructural features in salt rocks from German salt mines (e.g. Gorleben, 
Asse), which are potential host-rock candidates for underground nuclear waste storage. 
Preliminary study of Werra salt samples collected at the Springen’s Schaft II (Merkers, 
Thuringia, Germany) show interesting microstructures (Figure IV.4), which contrast strongly 
with typical microstructures found in the previous studies of Qom Kuh salt fountain (Desbois 
et al., 2010) and the Neuhof mine (Zavada et al., 2012) because it does not show evidence for 
pressure solution creep. In general, grain fabric exhibits grains without detectable sub-grain 
boundaries, high-angle boundaries, grain boundary morphologies from lobate to sub-euhedral 
and grains with preserved primary fluid inclusions-rich cores (Figure IV.4.a). At first order, all 
of these observations point to recrystallized fabric. At scale of grains (Figure IV.4.b), all of the 
microstructures mentioned above are crosscut by slip lines, indicating intracrystalline 
plasticity. The presence of deeper blue edges at some grian boundaries are interpreted to be 
recrystallized halite opened during possible grain boundary sliding (GBS). At temperature 
condition of the mine, coupling of intracrystalline plasticity and GBS are consistent with 
experimental studies of Peach & Spiers (1996), Peach et al. (2001), Popp & Kern (2001); 
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Bourcier et al. (2012). Resulting fabrics (Figure IV.4) are also similar to those observed in 
Guillopé & Poirier (1979) after experimental deformation of polycrystalline halite at low 
temperature and low stress condition, driven by “rotation recrystallization”. However, the 
presence of both healed and opened transgranular cracks (Figure IV.4.a) crosscutting all 
previous microstructures suggest that the rock aggregate undergone also brittle deformation, 
but late. Because the samples were collected within the excavation damage zone of the mine, 
we suspect strongly that the evidence for late brittle deformation originates from mining 
damages. Therefore, for further works, the study of Werra salt samples includes two main 
outlooks: (1) the impact of human-induced mechanical damages on the original rock 
microstructures in respect to an eventual switch in deformation mechanism by (for examples) 
the modification of grain boundary fluid distribution and/or decreasing grain size induced by 
cracking during mining and (2) the description, in a more fundamental way, of a halite rock 
aggregate deformed by “rotation recrystallization” at natural conditions for samples collected 
out of the excavation damage zone. 
 
 
 
Figure IV.4: Gamma-irradiated thin section of Werra salt samples collected at the Springen’s Schaft II 
(Merkers, Thuringia, Germany) in the damaged zone of the mine walls. (a.) First observations indicate 
recrystallized grain fabrics with high-angle boundaries, grain boundary morphologies from lobate to 
sub-euhedral and grains with preserved primary fluid inclusions-rich cores. Healed and opened 
transgranular cracks are also visible. (b.) The close observation of blue-decorated grain 
microstructures shows the presence of extensive slip-lines affecting all grains (for each grain the main 
direction of slip lines are indicated with a dashed-line). The indicated deeper-blue edge is interpreted to 
be newly recrystallized halite in earlier grain boundary possibly opened during grain boundary sliding 
(GBS) 
IV.1.4. Grain boundary microstructures and distribution of fluids 
Microstructural studies of gamma-irradiated samples of naturally deformed salt rock (Desbois 
et al., 2010; Zavada et al., 2012) suggest that the deformation mechanisms are strongly 
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controlled by inter-granular fluid phases and grain boundary microstructures. At the opposite, 
grain boundary healing process, which may occur under conditions of salt diapiric systems, 
could anneal active deformation. At the scale of grain boundary, salt rock specimens from the 
Qom Kuh salt fountain, which show mainly isolated fluid inclusions, are interpreted “healed”. 
The largest amount of free-brine is at triple junction. 
IV.1.4.a. Fluids distribution in natural samples 
Under transmitted light microscope, in samples from salt fountain (Desbois et al., 2010), the 
fluids appear mainly under the form of connected fluid-filled tubes or isolated fluids inclusions 
laying both in the surfaces of grain boundaries (Figure IV.5.a,b). In some samples from the salt 
fountain, the identification of fluid-inclusion-rich bands in newly precipitated intergranular 
brine suggests that meteoric water can be incorporated into the salt rock microstructure as fluid 
inclusions (<5µm in size) trapped in the inter-granular network (Figure IV.5.c). 
By using cryo-SEM, fluids are directly visible at the resolution of SEM (Desbois et al., 2008, 
2012a+b). Thickest grain boundaries, up to few µm thick, are filled with brine and can contain 
gas inclusions (Figure IV.5.e). The thinnest fluid film detected at grain boundary is about 50 
nm.  Multiple grain boundaries junctions typically contain brine located at edges of dihedral 
angles with usually a gas inclusion approximately in the center but smaller triple junctions can 
be fully filled with brine (Figure IV.5.f). FIB-cryo-SEM allowed serial cross-sectioning a 
brine-filled triple junction with slices of 500 nm thick (the total volume investigated being 25 
x 25 x 25 µm3, Desbois et al. 2008) to investigate brine-filled grain boundary microstructures 
in 3D. The triple junction shows three junctions with different characteristics (Figure IV.5.i): 
(1) one junction presents a brine-filled grain boundary with variable thickness along the cross-
section series, from few tens of nm to 1 µm, (2) a second junction about 1 µm thick exhibits a 
grain developing wavy edges and (3) the third junction is as thin as the scale of observation it 
is appearing as solid-solid contact free of fluids. This fluid distribution is comparable to some 
of the structures reported by Schenk & Urai (2005) in wet, artificial fine-grained 
polycrystalline salt compacted at high total stress (but presumably at low effective pressure), 
where significant open porosity can exist (cf. Schoenherr et al. 2007, Schleder et al. 2007). 
This type of fluid distribution is expected to be much less common in domal salt samples, 
although very little data is available at present. The origin of lobate edges is still not clear and 
different explanations are possible. First, the facets may have been “rounded” during the 
(metadynamic) recrystallisation during natural deformation in the salt glacier or after sampling 
and storage of the sample. Secondly, the sampled part of the salt glacier may have been very 
slowly dissolving at the time of sampling, after rainfall some time ago (Talbot & Rogers 
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1980). Third, similar lobate structures on grain surfaces have been described in naturally 
deformed carnallite (Urai, 1987) where they were interpreted to be growth structures 
associated with diffusive mass transfer processes, and in experiments, where the “grain 
boundary groove” microstructures observed by den Brok et al. (2002) were related to stress in 
the samples. However, the majority of grain boundaries exhibits isolated brine-filled inclusions 
(about 2-5 µm3 in volume, Figure IV.5.g,h) separated by solid-solid grain contacts (Figure 
IV.5.h) interpreted as healed contacts. At the resolution of the cryo-SEM, healed contacts do 
not exhibit evidence for the presence of fluid.  
In aggregates from the source layer, the most remarkable is the presence of fluid inclusions in 
pale-violet grain-cores. The grain cores contain straight or chevron shaped arrangements of 
fluid inclusion trails (FITs) displaying pseudo cubic shapes with size typically below 15 µm 
and forming planar cloudy clusters (Figure IV.5.d). These fluid inclusions are interpreted to be 
synsedimentary (Schléder et al. 2008; Zavada et al., 2012). 
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Figure IV.5: Fluid distribution in salt samples from the salt fountain (a.-c.) and the salt source (d) 
visible under transmitted light optical microscope. (a.) Array of connected fluid inclusion at grain-grain 
interface; (b.) Tubes and isolated fluid inclusions at grain networks; (c.) fluid-inclusions rich bands in 
newly deep-blue recrystallized salt following GB and fracture networks which have been interpreted as 
evidence for rain water penetration along the GB and fracture networks; (d.) Synsedimentary fluid 
inclusions-rich trails visible in the core of grains. (a, b and c) after Desbois et al. 2010; (d) after 
et al. (2012.). (e.-i.) Fluid distribution at the scale of cryo-SEM in samples from the salt fountain. (e.) 
Brine-filled tube connecting two multiple grain-junctions with gas inclusion; (f.) a triple junction with 
brine at corner and gas inclusion in the middle, brine-filled tubes are visible at the three edges of the 
triple junction; (g.) left-over grain surface from fractured surface showing isolated brine-filled 
inclusions interpreted as GB-healing microstructures; (h.) isolated brine-filled inclusions in fractured 
cross-section also interpreted as typical for healed GB and fully brine-filled triple junction in top-left 
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corner; (i.) three pictures collected from FIB-cryo-tomography data set showing evolution of brine 
distribution in fully brine-filled triple junction (the dashed arrow indicates a part of the GB with 
thickness increasing from few tens of nm to 1 µm, the black arrow show a grain developing wavy edges, 
the black circle show solid-solid contact at the scale of observations). (e-h) after Desbois et al. (2012a) 
and (e) after Desbois et al. 2008. 
 
 
 
 
Figure IV.6: Preliminary classification of fluid-inclusion-morphologies found in naturally deformed 
salt rocks. Left part: Schematic drawings of typical fluid-inclusion-morphologies. Right part: Optical 
transmitted light micrographs of typical fluid-inclusions shown in the left part. Modified from Marc 
Sadler master’s thesis (2013). 
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In general, the properties of salt rocks aggregates are controlled by temperature and 
stress/strain conditions but also by the presence of inter-granular fluids, which can enhance 
both dislocation and pressure-solution creeps. However, until now there is no systematic 
quantitative description of the distribution and morphology of inter-granular fluids in naturally 
deformed salt rocks though this information is essential to calibrate the possible mechanisms 
of softening or hardening of the salt aggregates in natural conditions. In the frame of a master 
thesis (Marc Sadler), fluid inclusions in natural salts from five different locations ([i] Werra 
salt from the Springen’s Schaft II, Merkers, Thuringia, Germany; [ii] hydrocarbon-rich salt 
dfrom the Ara-group in the south of Oman; [iii] salt from the Asse II Mine in Remlingen, 
Germany; [iv] salt from the Pieter Buhren borehole in Holland; and [v] Werra salt from the 
Hattorf-Wintershall mine in Philippsthal-Heringen, Germany) are currently quantitatively 
characterized under optical transmitted light microscope by using U-stage and image analysis 
to be correlated with P-T conditions experienced by the salt rock aggregate, the nature of inter-
granular fluids (e.g. hydrocarbon, brine and gas), and the nature of contact (e.g. 3 possibilities: 
strain-rich grain in contact with strain-rich grain; strain-rich grain in contact with strain-poor 
grain, and strain-poor grain in contact with strain-poor grain). Preliminary results allowed 
giving a first draft for the classification of typical fluid-inclusion-morphologies found in 
naturally deformed salt rocks (Figure IV.6). More over, some microstructural observation 
show evidence that the emplacement of some fluid-inclusions within a grain boundary is 
correlated to the end of sub-grain boundaries reaching the grain boundary (Figure IV.7.a); this 
is being quantified by EBSD measurement, which seems to confirm this behavior (Figure 
IV.7.b). 
 
Another very challenging outlook is the characterization of the intra-granular fluid distribution 
during active deformation, especially when solution-precipitation processes are involved. The 
structure of the intra-granular fluid has been the subject of much controversy over the past 20 
years (Urai et al. 1986; Den Brok et al. 2002; Urai & Spiers 2007). The BIB-cryo-SEM 
machine (Desbois et al., 2013) is one alternative to contribute to this problem, allowing 
quenching of the deforming grain boundary in hydrated state and imaging of grain boundary 
structures on 2D high quality surfaces down to the resolution of cryo-SEM. A first indentation 
experiment validated the approach (Figure IV.8): two single crystals of pure halite (Figure 
IV.8.a) were put in contact at low differential stress (< 5MPa) and with brine at contact by 
using a small deformation rig (Figure IV.8.b). After a month of deformation and plunged-
freezing of the deformation rig in liquid nitrogen, the two indenting single salt crystals were 
cut with BIB at cryogenic temperature within the SEM (Figure IV.8.c) and frozen-fluid/halite 
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crystal contact were SEM-imaged showing some evidence for precipitation on the crystal face 
(Figure IV.8.d). Unfortunately, this first experiment did not allow focusing on the most 
important region expected to be the narrow crystal-crystal contact but rather in low stress 
contact region. The deformation rig is being improved to allow a better planar contact of the 
two-halite single crystals. 
 
 
 
Figure IV.7: Microstructural relationship between sub-grain-boundary and the emplacement of grain-
boundary fluid-inclusions. (a.) Optical micrograph of a grain boundary showing some aligned fluid 
inclusions in the continuity of the sub-grain-boundaries of one of the two grain involved in the grain 
boundary. Modified from Marc Sadler master’s thesis (2013). (b.) An EBSD measurement in the region 
of fluid-inclusions in 2D grain boundary revealed by BIB cross section show that fluid inclusions are 
located at the end of the sib-grain boundaries (yellow dashed line) towards the grain boundary (yellow 
solid line). 1: SEM micrograph of the region of interest. 2: EBSD map of region in 1 color coded 
according to the below inverse pole figure. 3. Misorientation od boundaries (see legend on figures) 
indicate that boundaryin yellow dashed line (1 and 2) are sub-grains (<5°) and yellow solid line is a 
grain boundary (>15°). From Desbois (unpublished). 
 
In order to understand the mechanisms of deformation involved in the indentation experiment 
at micro-level, the indentation of two-halite single crystals in presence of brine are tried to be 
performed in a uniaxial load–cell in-situ ESEM (environmental scanning microscope) in 
collaboration with the Laboratoire de Mécanique du Solide de l’Ecole Polytechnique 
(Palaiseau, Paris-Tech, France). Therefore, comparable to Bourcier et al. (2012), during the 
constant strain rate deformation, we expect recording digital images of the sample surfaces at 
different loading stages; subsequent surface displacement may be quantified by Digital Image 
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Correlation (DIC) which should allow the computation of global and local strain fields, the 
quantitative evaluation of their heterogeneities, the identification of the active mechanisms and 
the evaluation of their respective contributions. Here, the most challenging task is to find the 
operating conditions of the ESEM corresponding to the equilibrium of the halite crystal with 
the brine. 
 
 
 
Figure IV.8: A first test of indentation of two single halite crystals ina micro-deformation rig 
compatible with BIB-cryo-SEM machine build in order to infer the hydrated grain boundary 
morphology deforming by dissolution-precipitation. (a.) The micro-deformation rig consist on a copper 
spring, which apply a load on two single halite crystals. (b.) The two single halite crystals before 
applying the load in presence of saturated brine at the grain contact. (c.) BIB-cryo-SEM of the 
interface.  The two single halite crystals are in contact with frozen brine. (d.) A close view of the single 
halite crystal-2 with the frozen brine showing irregular surface interpreted as precipitation of halite on 
the crystal face. This first experiment did not allow focusing on narrow crystal-crystal contact but 
rather in low stress contact region. From Desbois (unpublished). 
IV.1.4.b. Impurities at grain boundaries in natural sample 
Secondary mineral content as well variations in grain size reflect oscillation in water depth 
during deposition (Shearman 1970, Lowenstein & Hardie 1985). The presence of impurities 
and secondary phase at grain boundaries may significantly enhance solution-precipitation (SP) 
creep by increasing diffusion or inhibiting of contact healing (halite-Na-montmonrillonite 
system, Hickman & Evans, 1995; quartz-mica system, Rutter & Wanten, 2000; halite-clay 
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system, Renard et al., 2001; halite-calcite system, Zubtsov et al., 2004; and anhydrite-halite 
system, Price, 1982). Then, secondary phases may be of special interest to understand the 
softening of natural salt bodies. 
In samples from the Qom Kuh salt fountain, first chemical analysis of materials found along 
grain boundaries were performed by using EDX line-scan detection (Desbois et al. 2012a) 
indicating mainly the presence of abundant isolated single euhedral anhydrite crystal enclosed 
in grain boundaries although talc was also detected but in very minor amount. SEM 
investigations at room temperature can show massive halite at grain boundaries but these are 
interpreted as efflorescence after opening of a brine-filled grain boundary for BIB cross-
sectioning and are thus not considered as original (Desbois et al., 2012a). Preliminary 
deformation experiments indicate that the presence of above secondary solid phases at the 
grain boundary do not have significantly enhanced the strain rate in our samples (Desbois et 
al., 2012a; see also Section 4.2). This results contrast with previous studies cited above, which 
point to the enhancement of pressure-solution in presence of second phase within the rock 
aggregate. One first explanation is that the secondary phases in our samples are isolated. 
Therefore, preliminary results are calling for a much-detailed investigation of the secondary 
phase at grain boundaries in regards to the deformation mechanisms, both in synthetic samples 
where the concentration and the distribution and the nature of such secondary can be 
controlled and in naturally samples for calibration, which have been deformed at geological 
time-scale.  
Below are briefly reported two ongoing works, which are expected to result in a better 
understanding of the impact of secondary phases in respect to deformation mechanisms in 
naturally salt rocks. 
Preliminary observations (in collaboration with Dr. P. Zavada, Institute of Geophysics ASCR, 
Prague, Czech Republic) on samples from the salt glacier of Kuh-e-namak (Southern Iran), 
which contain significant amount of volcanic dusts, show that strain-free pressure fringes are 
systematically developing in the strain shadow of the impurities (Figure IV.9.a, b) indicating 
pressure-solution. In general samples from “dirty” salt layers containing high amount of solid 
impurities at grain boundaries display numerous evidence for pressure solution deformation 
mechanism in comparison with samples form “clean” salt layers. The “dirty” salt being located 
at the base of the salt glacier, it is first suggesting that high flow rates of the salt glacier is 
mainly controlled by the flow of the “dirty” salt layers deforming dominantly by pressure 
solution. The combination of the microstructural and the field data, suggests a rheological pan-
cake model for the entire Hormuz formation.  
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Moreover, in Zavada et al. (2012), microstructural observations done in selected parts of the 
rock salt from Neuhof mine (Germany) without paying attention of the evolution or/and the 
predominance of deformation mechanisms related microstructures within a single fold system. 
New samples selected within a pluri-centimetric-scale single fold show that several semi-
continuous anhydrite layers, which enclose pure halite layers, underline folding. In these 
particular samples, the secondary phase of anhydrite is not isolated like in samples from the 
Qom Kuh salt fountain (Desbois et al., 2012a). Thus, these samples are believed to be 
important to study the impact of anhydrite on the microstructural development of the salt rock 
aggregate towards interpretation of deformation mechanism in naturally deformed salt rock. 
First observations (at the scale of the thin section) show that the fabric recrystallized 
extensively in small strain-free grains within the semi-continuous layers of anhydrite (Figure 
IV.9.c,d), whereas in halite layer free of anhydrite (Figure IV.9.c), grains preserved a 
comparable fabric that is described in Zavada et al. (2012), indicating first that the folding was 
mainly accomodated by the anhydrite rich layers. 
 
 
 
Figure IV.9: (a. and b.) Optical micrographs of gamma-irradiated secondary-phase-rich samples 
collected in the Kuh-e-Namak salt glacier (Southern Iran) show development of pressure fringes in the 
strain shadow of solid-secondary-phase (a.), in (b.) the grain fabric consists almost in pressure fringes 
because of the high density of small solid-secondary-phase grains. (c. and d.) Opticla micrographs of 
gamma-irradiated folded salt rock from the Neuhof Mine (Germany) containing continuous anhydrite 
layers. (c.) the presence of anhydrite layers marks the boundary between coarse-grained and fine-
grained fabrics. The coarse-grained part has similar microstructures described in Zavada et al. (2012) 
whereas the fine-grained part has smaller strain-free grains. (d.) Detail of small strain-free grains 
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are indicated by white solid line) within an anhydrite-rich band. From early observations, anhydrite is 
interpreted to prevent large-grain growth and to accommodate the folding deformation.with courtesy of 
Kuh-e-Namak samples from Prokop Zavada. 
IV.1.5. Grain boundary healing mechanism 
IV.1.5.a. Laboratory experiments on polycrystalline synthetic halite 
Desbois et al. (2012b) presents observations from room temperature static recrystallization 
experiments (annealing times from minutes to year) of cold -pressed, synthetic, coarse grained, 
wet sodium chloride, prepared by broad ion beam (BIB) polishing and SEM observations at 
cryogenic temperature (BIB-cryo-SEM) to observe directly the brine in grain boundaries. At 
all stages of annealing, the majority of the brine in the samples is connected in 2D sections 
along grain boundaries. Another part of the brine is in isolated brine inclusion arrays along 
grain boundaries, and in brine inclusions left behind by migrating brine filled grain boundaries. 
Most of these boundaries are mobile because the aggregate is coarsening. We interpret that the 
boundaries without observable brine films (<15 nm) and brine inclusion arrays are healed and 
immobile. Evolution of grain boundary structure involves three major processes. First, 
dissolution on one side of the grain boundary and precipitation on the other side, resulting in 
grain boundary migration. Second, the development of facets formed by low-index 
crystallographic planes of the grains bounding the grain boundary brine. When both sides of a 
grain boundary are able to develop low-index facets in a thick brine film, the resulting 
impingement boundary is interpreted to be immobile and may prevent the new grain from 
migrating into a deformed neighbour. When one side of a faceted boundary consists of low-
index crystallographic planes and the other side passively follows this faceted shape along 
irrational surfaces, the boundary is mobile. Third, the healing of grain boundary brine films, 
producing solid-solid grain boundaries without resolvable brine films. Figure IV.10 compiles 
all typical observed microstructures and interpretations in a model for the evolution of brine 
distribution in wet sodium chloride aggregates during static recrystallization. 
Continuous time sequence evolution of healing brine-filled grain boundary can be also studied 
under optical microscope (Desbois et al., 2012c after Schmatz 2010). A first experiment of 
deformation of polycrystalline synthetic halite in see-through deformation apparatus (pre-
deformed polycrystalline synthetic halite in triaxial apparatus at 150 MPa, subsequently 
deformed at around 15 MPa axial stress at 90ºC in see-through deformation apparatus 
(Schmatz 2010, Schmatz et al. 2011) with strain rate around 1e-06 s-1; initial grain size around 
200 µm) is shown in Figure IV.11. 
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The following of grain boundary microstructures evolution in situ allows reconstructing the 
sequence of fluid redistribution at grain boundaries during post-kinematic annealing. Image 
sequence in inset 1 of Figure IV.11 shows a moving grain boundary, which incorporates fluid 
inclusions from bulk grains, leaving behind a fluid inclusion-poor grain; fluid forms a 
continuous film along the grain boundary (Step I, Schenk & Urai 2005). Image sequence in 
inset 2 of Figure IV.11 is then typical for fluid film shrinkage along grain boundary into small 
isolated inclusions (Step II) subsequently followed by the equilibration of small, meta-stable 
fluid inclusions along grain boundary into fewer and larger inclusions (Step III, Schmatz 
2010). At step III, grain boundary with isolated fluid inclusions are immobile and are 
interpreted as healed grain boundary, which represents the equilibrium state. 
 
 
 
Figure IV.10: Model for evolution of brine distribution for coarsening of chloride sodium aggregate 
during static recrystallization inferred from BIB-cryo-SEM method. The initial compaction of 
polycrystalline salt plugs produced abundant intracrystalline defects and micro cracks favourable to 
nucleation of strain–free grains at these sites, together with much smaller grains, which were not 
removed by sieving. Primary recrystallization then proceeds in an isotropic stress field of zero effective 
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stress in fully saturated samples under static conditions without intracrystalline recovery processes 
inside the deformed grains since annealing was performed at room temperature. The morphologies of 
isolated fluid inclusions are controlled by the orientation of crystals facets at grain-grain contacts 
impingement of two new grains before the effective grain boundary healing which leads to the stop of 
deformation (Cases II, III and IV). The case I is the case of new grain vs. old grain: the new grain 
at the expense of old grain driven by reduction of dislocation density in deformed grains (Schenk & 
2004, Humphreys & Hatherly 1996) until it meets the next new grain to turn into cases II, II or IV 
corresponding to new grain vs. new grain. IFI: isolated fluid inclusion. Considering  the Hartman–
Perdok theory and the three periodic bond chains (PBC), 3 different types of face can be identified by F, 
S and K indicating a flat face (parallel to at least two PBC’s), a stepped face (parallel to one PBC) and 
kinked face (not parallel to any PBC’s), respectively. After Desbois et al., 2012b. 
 
 
 
Figure IV.11: Deformation of polycrystalline synthetic halite in see-through deformation apparatus: (1) 
Moving grain boundary incorporates fluid inclusions from bulk grains leaving behind a fluid inclusion-
poor grain, fluid forms a continuous film along the grain boundary (I); (2) post-kinematic stage (prior 
bulk strain is 20%). Fluid film along grain boundary shrinks into isolated inclusions (II). Small, meta-
stable fluid inclusions along grain boundary equilibrate to fewer and larger inclusions (III). (3) 
Schematic drawing of GB evolution sequence. Conditions of experiment: pre-deformed (triaxial, 150 
MPa) polycrystalline synthetic halite, deformed at around 15 MPa axial stress at 90ºC in see-through 
deformation apparatus (Schmatz 2010, Schmatz et al. 2011), strain-rate is around 1x10-6 s-1, initial 
size is around 200 µm.From Desboisbet al., 2012c, with the courtesy of  Joyce Schmatz. 
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IV.1.5.b. Grain boundary healing in natural samples 
Previous microstructural investigations of grain boundaries in natural fine-grained sample 
from the salt fountain (Desbois et al., 2012a; Figures IV.5.e,f,g,h) give ample evidence of 
healed grain boundaries. Laboratory experiments on synthetic polycrystalline salt samples 
(Section I.4.1) show that during both static recrystallization and post-kinematic annealing, the 
grain boundary healing leads to immobile grain boundaries and rearrangement of fluid into 
isolated fluid inclusions (Desbois et al., 2012b, Desbois et al., 2012c after Schmatz 2010). 
To check the effectiveness of healed grain boundaries in salt fountain, we performed 
deformation experiments of natural fine-grained samples from the salt fountain. Three cube-
shaped rock salt samples oriented with the mylonitic foliation at 45 degrees to the loading 
direction were deformed in uniaxial loading system to simulate the simple shear flow at very 
low mean stress in the salt glaciers. Deformation experiments were performed with loading 
stresses around 0.6 MPa for deformation time up to few days and for temperature equal to 
35°C (Desbois et al., 2012a). Preliminary deformation experiments report that, in laboratory, 
natural samples deform under conditions of natural salt fountain at strain rate in the range of 
7.43x10-10 s-1 and 1x10-9 s-1 when measurable, which is up to one order of magnitude below of 
expected strain rates calculated from theory for similar grain size of the experiment (Spiers & 
Carter 1998). Here, second phases present at grain boundary of natural rock salt are not 
significantly enhancing strain rate as expected.  
Regarding non-hydrostatic condition, Van Noort et al. (2008) propose a model providing a 
“yield stress” criterion for pressure solution, below which the process is prevented by surface 
energy driven grain boundary healing and above which pressure-solution is active. The 
comparison of contact stress and radius of curvature operating at laboratory (i.e. condition of 
sample storage after collection; σ < 10 Pa corresponding to body forces in the sample and 
perhaps residual stresses), experimentation (σ ≈ 0.6 MPa) and natural (σ < 0.4 MPa, Schlèder 
& Urai 2007) conditions with the criterion of van Noort et al. (2008) indicates that samples at 
laboratory and experimental conditions are in the field of grain boundary healing. 
Therefore, microstructural record and stress-strain results of deformation experiments both 
point to effective healed grain boundaries, which is also in agreement with theoretical healing 
criterion for non-hydrostatic condition of Van Noort et al. (2008) applied to the condition of 
salt fountain suggesting that PS creep is not activated at stress condition occurring in salt 
glacier. 
Reecent work (Master thesis of Marc Sadler at GED institute, RWTH Aachen) shown 
evidences that some Werra salt samples from the Springen’s Schaft II (Merkers, Thuringia, 
Germany) are undergoing unexpected active healing in a few weeks time span (Figure 
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IV.12.a,b). On the one hand, the evolution of the fluid distribution is interpreted to be the re-
healing of a grain boundary subsequent to grain-boundary cracking, which occurred from 
damage during mining or sampling and allowed leaking the original grain-boundary fluid. On 
the other hand, this is worth to establish a microstructural model of active healing process 
related to redistribution of intra-granular fluid. Bimodal distribution of fluid-inclusion size 
(Figure IV.12.c,d) are interpreted as the equilibrium state of a re-healed grain boundary after 
human-induced damages; in the state of our this new study, we interpreted the largest fluid 
inclusions as remnant of the original fluid distribution whereas the smallest one as originating 
from re-healing subsequent to human-induced damages. Evidences of active healing in 
samples at laboratory conditions suggest thus that natural samples may not preserve fully the 
original distribution of fluids as acquired in nature but it provides also an unique opportunity 
to define some criteria to distinguish original grain boundary microstructures. These 
preliminary results call for further detailed studies. 
 
 
 
Figure IV.12: (a.) Map view of grain boundary containing different shaped grain-boundary-fluid-
inclusions. L1, L2 and L3 mark three areas interpreted as fluid thin films. (b.) Map view of same 
location after 69 days as in (a.). The grain-boundary-fluid-inclusions changed their morphology. 
the 69 days the thin section was stored in a air tight box with silica gel. The red arrows in (a.) indicate 
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gas inclusions coated by a thin brine film, whereas the red arrow in (b.) indicates a remaining channel-
like fluid inclusion after shrinking of the thin fluid-film L1. The evolution of the fluid distribution is 
interpreted to be the re-healing of grain boundary subsequent to grain-boundary cracking, which 
occurred from damage during mining or sampling and allowed leaking the original grain-boundary 
fluid. (c. and d.) The bimodal distribution of fluid-inclusion sizes in grain boundary is interpreted to 
evidence the final state of the re-healing of a damaged grain-boundary. Brown-fluids in some inclusions 
in picture (c.) are hydrocarbons (Sample from Oman).  Modified from Marc Sadler master’s thesis 
(2013). 
IV.1.6. Implications of fluids and grain boundary microstructures on the 
rheology of diapiric salt systems 
In the Neuhof salt source layer (Zavada et al., 2012) the salt rock aggregate implies an 
interesting mutual interplay of the mechanical (microcracking) and chemical (solution-
precipitation, SP) processes that govern its rheological behavior. Microcracking of the halite 
aggregate promotes the SP creep by the following processes: (1) creation of new grain 
boundaries, where microcracks transect the grains (Figure IV.3.b.8), causing grain size 
reduction and, (2) the incorporation of sedimentary trapped fluids into the grain boundaries 
network when these are crosscut by transgranular microcracks. More over, continuous SP 
creep is also facilitated by input of brine into grain boundaries, where the FITs bearing cores 
of grains (Figure V.3.d) are swept by the non-conservative grain-boundary-migration (GBM, 
Figure IV.3.a.2). The mutual interaction between microcracking and SP processes likely 
produces a step-wise strength decrease and non-steady state flow of the salt aggregate. In other 
words, grain size decrease and redistribution and ingress of fluids stored in FITs induced by 
microcracking facilitate continuous deformation of the aggregate at low differential stress. 
Microstructural studies on gamma-irradiated natural fine-grained halite samples from salt 
fountain (Figure IV.3.A, Desbois et al. 2010), giving evidence for both active dislocation creep 
and SP creep during the deformation of salt fountain, are in contradiction with grain boundary 
related fluid microstructures (Figure V.3.a,b,g,h), some experimental observations (Figures 
IV.12 and IV.11) and theoretical considerations, which address with effective grain boundary 
healing under conditions occurring in natural salt fountain. The first hypothesis regarding the 
role of fluids in deforming rock salt suggested that, the presence of thin-fluid films at healed 
contacts and second phases (Desbois et al., 2013) at grain boundary would enhance SP creep. 
However, thin film fluid at grain contact below 50 nm is still elusive and preliminary 
deformation experiments (Desbois et al., 2013) report that anhydrite single crystals, commonly 
found in natural grain boundaries, are not significantly lowering the yielding stress necessary 
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to activate SP (Desbois et al., 2013). Therefore, there is a paradox: How is flow by coupled 
dislocation and SP creep of rock salt possible in a natural salt fountain though numerous 
evidence suggest that SP is not active at the natural conditions of salt fountain?  
At this point of research, it remains difficult to find unambiguous explanations of such paradox 
but it is obvious that healed grain boundaries need to be reactivated to allow the salt glacier 
deforming by SP; several scenarios are possible. (a) The increase of contact stress allows 
reactivation of SP (Ghoussoub & Leroy 2001, Van Noort et al. 2008) but in nature “stress 
jumps” sound hardly probable. (b) Rain water may cause an increase in island stress by 
marginal dissolution of healing contacts pointing to cyclic deformation of salt fountain during 
rainy periods the fountain will deform at relative high strain rate by dominant SP; while during 
dry seasons, it will not significantly flow because the grain boundary healing will prevent SP 
and lead to dominant dislocation creep. This is accordance with microstructural investigations 
of gamma-irradiated samples (Desbois et al. 2010), which show that water can penetrate along 
the grain boundaries and fractures (Figure IV.4.c) as well as recent radar measurement (Aftabi 
et al. 2010), which revealed increased of salt glacier flow after rainy periods. (c) Grain 
boundary cracking due to high thermal gradient (Olgaard & Fitz Gerald 1993) may be also a 
process responsible for the redistribution of fluids in grain boundaries.  However, scenarios (b) 
and (c) are limited by the facility of rain water and grain boundary cracking to affect the entire 
mass of the glacier (200 m high), controlled by kinetics of salt saturation of fresh rain water 
and thermal diffusion. Thus, these suggest another scenario, which is the opposite: the salt 
glacier is constantly deforming by competitive dislocation creep and SP creep; healed grain 
boundary microstructures resulting of static evolution of the microstructures after samples 
collection. 
  
CHAPTER IV: Synthesis and outlooks 
Dr. Guillaume Desbois – Habilitation Thesis, 2014 306 
IV.2. Microstructural characterization in low permeable fine-grained 
clays and shales 
IV.2.1. Additionnal publications about the characzerization of porosity in low 
permeable fine grained clay-rich rocks  
The combination of ion beam milling techniques (FIB and BIB) with SEM allowed Desbois et 
al. (2009) giving direct insights of porosity in clays with unprecedented quality and level of 
details below micrometer scale. Desbois et al. (2009) made a strong impression to major 
European agencies dealing with underground waste disposal in clay formations. NAGRA 
(Switzerland) and SCK-CEN / ONDRAF-NIRAS (Belgium) funded two PhD thesis (Maartje 
Houben and Susanne Hemes) about the characterization of porosity in reference clays for 
research from Boom and Opalinus formations, repectively. 
Because clays are also involved in problematics related to oil production in unconventional 
reservoirs. Shell International Exploration and Production B.V. was also interested to fund a 
PhD thesis (Jop Klaver) about the characterization of porosity in immature and mature gas 
shales. 
I am supervising (or supervised) dayly the three PhD projects mentioned above.  
In the next sub-sections, main results (i.e. original abstracts) and key figures of fully published 
works (at the date of the submission of my habilitation thesis) are given. Two publications are 
from the PhD of Maartje Houben (defended in January 2013), one from the ongoing PhD 
thesis of Susanne Hemes and another from the ongoing PhD thesis of Jop Klaver. All of these 
publications allowed us understanding better the porosity architecture in low porous and low 
permeable clay-rich geomaterials from 2D representative BIB cross sections down to the 
resolution of a modern SEM (5 nm). 
 
Highlights of these publications are summarized as following: 
 
• BIB-SEM method is a novel method to investigate qualitatively and quantitatively the 
mineral and porosity fabrics below micrometer scale in representative 2D areas 
 
• Representative Elementary Areas (REA) are estimated both by pount counting and 
variance analysis 
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• For a given type of samples and at scale of grains, minerals have statistically similar 
pore characteristics (morphology and pore size distribution). 
 
• Pore size is power law distributed down to the maximum resolution of SEM 
 
• The similarity of porosity inferred from direct microstructural observations and 
conventional mercury injection porosimetry, shows that data from our microstructural 
studies can be upscaled to reproduce bulk porosity based on larger sample volumes.  
 
IV.2.1.a. Pore morphology and distribution in the shaly facies of Opalinus Clay (Mont 
Terri, Switzerland): insights from representative 2D BIB-SEM investigations on mm to nm 
scale 
 
Published as: Houben M.A ., Desbois G. and Urai J.L. (2013). Pore morphology and 
distribution in the shaly facies of Opalinus clayn (Mont Terri, Switzerland): insigths from 
representative 2D BIB-SEM investigations on mm- to nm- scales. Applied Clay Sciences, 
71(C): 82-97. 
 
Abstract 
We used Broad-Ion-Beam polishing in combination with Scanning Electron Microscopy 
to study the microstructure and porosity in the shaly facies of Opalinus Clay (northern 
Switzerland) [Figure IV.13]. With resolutions of a few nm [Figure IV.14], we studied 
areas of around one mm2 [Figure IV.13], sufficiently large to be statistically 
representative for the microstructure. In three samples from a 1 m long drill core from the 
Mt Terri laboratory, a qualitative description of the microstructure was combined with 
quantitative description of porosity. Eight different mineral phases and six different pore 
types are identified, in the clay matrix, siderite, pyrite framboids and fossil shells 
respectively [Figure IV.15]. Pore sizes in the clay matrix have a power law distribution 
with an exponent of -2.4 [Figure IV.16]. Porosity inferred from the BIB-SEM method is 
comparable to that measured using mercury porosimetry. Based on micrographs made 
perpendicular and parallel to the bedding we show that pores and minerals are 
homogeneously distributed in 3D, and present a microstructural model for the Shaly 
facies of Opalinus Clay. This model defines predictable homogeneous porous and non-
porous regions with similar pore characteristics. Combined, these form the heterogeneous 
fabric of Opalinus Clay (shaly facies). 
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Figure IV.13: Cross-section overviews. The samples were dried before a BIB polished cross-section 
was made; the magnification used only resolves the larger cracks. In addition to the cracks that are 
visible in these overviews, smaller cracks become visible when zooming into the polished cross-section 
(see insets): (A.) Overview of the polished cross-section of sample BCS-2/5 that was air-dried. (B.) 
Polished cross-section of the freeze-dried sample BCS-2/3. (C.) Polished cross-section overview of the 
oven-dried sample BCS-2/1. 
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Figure IV.14: SE micrographs, with to the left of each image the pores segmented for that part of the 
micrograph, of Opalinus Clay using different magnifications illustrating an increasing resolution with 
increasing magnification used. (A.) At a magnification of 3,000x, this SE micrograph was made to get 
an overview of cross-section, using this magnification though does not allow pore segmentation in great 
detail. (B.) SE micrograph taken at a magnification of 25,000x, allowing detection of pores down to 30 
nm in width. (C.) SE micrograph taken with a magnification of 50,000x, used to visualize pore throats 
connecting pores in 2D. 
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Figure IV.15: Pore connectivity inferred from 2D images. (A.) Pore throats in the clay matrix 
connecting different pores in the 2D polished surface. (B.) Pores in fossil shell are situated at the along 
the fossil rim, indicating that they are connected to the clay matrix. (C.) Pore throat connecting two 
pores, where the pore throat is smaller than 10 nm. (D.) Pores in a siderite mineral that are neither 
connected to the clay matrix or to each other. (E.) Crack connecting pores in fossil to the clay matrix. 
(F.) Pores present in a pyrite framboid, the pores are situated between single pyrite grains, these pores 
are connected in 3D to other pyrite pores, as well as to the clay matrix. (G.) The continuation of pores 
present in the clay matrix can be followed into the 3rd dimension; the pores presented in this micrograph 
are connected in 3D. (H.) Another example of pores in the clay matrix that are not connected in the 2D 
polished surface, but that are connected into the sample. 
 CHAPTER IV: Synthesis and outlooks 
Dr. Guillaume Desbois – Habilitation Thesis, 2014 311 
 
 
 
Figure IV.16: (A.) Power law fit of the segmented pore area size (Si) distribution in the mosaic of the 
air-dried sample BCS-2/5 made using a magnification of 25,000x. The graph illustrates the boundaries 
of self-similarity of the pores segmented in this micrograph. Pixel size is indicated as well to illustrate 
that pixel size and pixel resolution (Smin and Smax) are different. (B.) Normalized area versus pore size 
for the pores segmented in all mosaics of the samples BCS-2/5 and BCS-2/3. Pore size distribution for 
pores situated in the clay matrix is similar for all mosaics and the pores are distributed with a power 
law exponent of 2.3 and a constant of proportionality of -0.64. 
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IV.2.1.b. A comparative study of representative 2D microstructures in Shaly and Sandy 
facies of Opalinus Clay (Mont Terri, Switzerland) inferred form BIB-SEM and MIP 
methods 
 
Published as: Houben M.A ., Desbois G. and Urai J.L. (2014). A  comparative study of 
representative 2D microstructures in Shaly and Sandy facies of Opalinus Clay (Mont Terri, 
Switzerland) inferred form BIB-SEM and MIP methods (Mont Terri, Switzerland) inferred 
form BIB-SEM and MIP methods. Journal of Marine and Petroleum Geology, 49: 143-161. 
 
Abstract 
A combination of Broad-Ion-Beam (BIB) polishing and Scanning Electron Microscopy 
(SEM) has been used to study qualitatively and quantitatively the microstructure of 
Opalinus Clay in 2D. High quality 2D cross-sections (ca. 1mm2), belonging to the Shaly 
and Sandy facies of Opalinus Clay, were investigated down to the nanometer scale 
[Figures IV.17 and IV.18]. In addition Mercury Intrusion Porosimetry (MIP) and X-Ray 
powder Diffraction experiments have been used to extend characterization of the 
microstructure to the mm-cm scale on bulk volume sample material. Interestingly, both 
end-member samples of the Opalinus Clay show qualitatively similar mineralogy and 
pore characteristics as well as a comparable pore size distribution and pore morphology 
within the different mineral phases and mineral aggregates. Differences between the 
facies are mainly due to variations in mineral size and mineral amount present in the 
alternating layers of the different facies. Six different porous mineral phases have been 
identified and the pores have been subdivided into ten different pore types. Pores visible 
in the SEM images are most abundant in the clay matrix and these seem to follow a power 
law distribution with a power law exponent of ca. 2.25 independent of the sample location 
[Figure IV.20]. Furthermore, all common mineral grains show characteristic porosity, 
pore shape and pore size distribution in 2D [Figure IV.19] and are proposed to be 
considered as elementary building blocks for Opalinus Clay.  Combined these 
homogeneous elementary building blocks make up the heterogeneous fabric of the 
different facies of Opalinus Clay. Extrapolation of the power law size distribution in the 
clay matrix below SEM resolution results in a porosity of 10 - 25% for clay rich layers 
(60 - 90% of clay matrix), whereas sand and carbonate layers show an extrapolated 
porosity of 6 - 14 % [Figure IV.21]. These extrapolated porosities are in agreement with 
water-loss and physical porosity measurements performed on bulk material of comparable 
samples [Figure IV.21]. 
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Figure IV.17: (A.) Cross-section of the BWS-H drill core, Sandy facies Opalinus Clay. In the drill core 
one can distinguish four sub-areas, a dark grey fine-grained clay layer, a light colored coarse grained 
sand layer, a pinkish/yellowish coarse grained carbonate lens and a mixture of clay, sand and 
carbonate. (B.) Cross-section of the BCS-2 drill core, Shaly facies Opalinus Clay. On the drill core 
scale there are no visible heterogeneities. (C.) Thin section of the Sandy facies showing alternating clay 
rich and quartz rich layers. (D.) Thin section of the Shaly facies showing some bigger minerals (as 
calcite, quartz and pyrite) floating in the clay matrix. (E.) Clay layer present in the Sandy facies (thin 
section). (F.) Sandy facies sand layer (thin section). (G.) Shaly facies clay layer (thinsection) wherein 
quartz, calcite, pyrite and fossils are visible. (H.) BSE image of a BIB polished cross-section of a clay 
layer in the Sandy facies. (I.) BSE image of a BIB polished cross-section of a sand layer in the Sandy 
facies. (J.) BSE image of a BIB polished cross-section of the Shaly facies showing a similar calcite fossil 
as in the thin section (bottom right). (K.) SE-image of the clay matrix in the clay layer of the Sandy 
facies. (L.) Clay present in the Sand layer of the Sandy facies. (M.) Clay matrix of the Shaly facies. 
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Figure IV.18: (A.) Showing a segmented mineralogy SEM-image of one of the subsamples made from 
the BDR drill core (Shaly facies) with the grid used for the box counting method. From the solid boxes 
onwards the imaged area is called representative due to the fact that the change in mineralogy from 
here onwards is less than 10%. (B.) Table showing the measure mineralogy per box. The mineralogy 
does not vary more than 10% anymore after passing box 10, hence this is interpreted to be the REA for 
this clay layer. (C.) Graph showing the variance along x and y in a segmented porosity SEM-image 
from the BDR drill core, where the variance along x and y is similar with the exception of some edge 
effect due to the fact that the image is finite (180 µm in length to be exact). This indicates isotrope 
porosity distribution in plane perpendicular to the bedding. (D.) Showing the relative error vs. the 
length of the REA (LREA; when the REA is squared) based on the variance of the segmented porosity 
map.  
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Figure IV.19: Data density graphs of the bivariate histograms of the pore shape factors. Showing 
1/Axial ratio vs. circularity of the pores per mineral/ mineral aggregate they are occurring in. The 
graphs with the grey background show the pore shape factors encountered in the Shaly facies and the 
graphs with the white background are the pore shape factors as calculated for the samples originating 
from the Sandy facies.   
 
 
 
Figure IV.20: Pore area size (Si) distribution of the pores in the clay matrix. In this graph, pore areas 
are plotted versus no. of pores below a certain size i, which is than normalize by the area of the mosaic 
and the bin size. The graph show that the pores in the clay matrix in all the mosaics (depending on the 
magnification: 104 nm2 < Si < 108 nm2) show a similar power law pore size distribution with a mean 
power law dimension of 2.25 ± 0.079 and a constant of proportionality of -1.06 ± 0.433. 
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Figure IV.21: Porosity in the Sandy and Shaly facies of Opalinus Clay, where the graph illustrates the 
difference in porosity values measured MIP porosity, water loss porosity, total physical porosity, visible 
BIB-SEM porosity and extrapolated BIB-SEM porosity. (A.) Measured porosity values for the Shaly 
facies of Opalinus Clay, where the range of water-loss porosities and total physical porosities are 
published by Bossart & Thury (2008). (B.) Measured porosity values for a shale layer of the Sandy 
facies of Opalinus Clay, water loss and physical porosity from Peters et al. (2011). (C.) Measured 
porosity values for a sand layer of the Sandy facies of Opalinus Clay, water loss and physical porosity 
from Peters et al. (2011). (D.) Measured porosity values for a carbonate layer of the Sandy facies of 
Opalinus Clay, water loss and physical porosity from Peters et al. (2011). 
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IV.2.1.c. Variations in the morphology of porosity in the Boom Clay Formation: insights 
from 2D high resolution BIB-SEM imaging and Mercury injection Porosimetry 
 
Published as: Hemes S., Desbois G., J.L. Urai, de Craen M. and Honty M. (2013). Variations 
in the morphology of porosity in the Boom Clay Formation: insights from 2D high resolution 
BIB-SEM imaging and Mercury injection Porosimetry. Netherlands Journal of Geosciences, 
Geologie en Mijnbouw. 92(4): 275-300. 
 
Abstract 
Boom Clay is considered as one of the potential host rocks for the disposal of high and 
medium level radioactive waste in a geological formation in Belgium (Mol study site, 
Mol-1 borehole) and the Netherlands. The direct characterization of the pore space is 
essential to help understand the transport properties of radionuclides in argillaceous 
materials. 
This contribution aims to characterize and compare the morphology of the pore space in 
different Boom Clay samples, representing end-members with regard to mineralogy (i.e. 
clay content) and grain-size distribution in this formation.  
Broad ion beam (BIB) cross-sectioning is combined with SEM-imaging of porosity and 
Mercury injection Porosimetry (MIP) to characterize the variability of the pore space in 
Boom Clay at the nm- to µm-scale resolution in representative 2D areas [Figure IV.22] 
and to relate the microstructural information to the fluid flow properties of the bulk 
sample material. Segmented pores in 2D BIB-surfaces are classified according to the 
mineralogy, generating representative datasets of up to 100,000 pores per cross-section.  
Results show total SEM-resolved porosities of 10-20 % and different mineral phases 
show characteristic pore morphologies and intra-phase porosities [Figure IV.23 and 
IV.24]. Most of the nano-porosity resides in the clay-matrix and in the silt-rich samples, 
large inter-granular pores contribute to a major part of the total porosity, in addition. 
Pore-size distributions within the clay matrix suggest power-law behaviour of pore areas 
with exponents between 1.56-1.66, independent of the sample lithology [Figure IV.25]. 
Mercury injection Porosimetry, with access to pore-throat diameters down to 3.6 nm, 
shows total interconnected porosities between 27-35 Vol.-% and the observed hysteresis 
in the MIP intrusion vs. extrusion curves suggests relatively high pore-body to pore-throat 
ratios in Boom Clay. 
The difference between BIB-SEM visible and MIP measured porosities is explained by 
the resolution limit of the BIB-SEM method, as well as the limited size of the BIB-
polished cross-section areas analyzed. 
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The compilation of the results provides a conceptual model of the pore-network in fine- 
and coarse-grained samples of Boom Clay: the different mineral phases show 
characteristic porosities and pore morphologies and the overall pore space can be 
modelled based on the distribution of the mineral phases. 
 
 
 
Figure IV.22: Microstructural overviews of samples investigated (left side), with applied magnifications 
indicated; and details of porosities inside the clay-matrix (right side), at 30,000x magnification for 
samples (in order of increasing grain size) EZE54 (a.), EZE55 (b.) and EZE52 (c.), and at 10,000x 
magnification for sample EZE64 (d.). 
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Figure IV.23: Characteristic pore morphologies in different mineral phases: (a.) pores of type I, II and 
III inside the clay-matrix, (b.) typical pores in pyrite framboids, (c.) pores in between detrital sheet of 
mica, (d.) non-porous quartz-grain, embedded in the clay-matrix, showing pores of type II and type III, 
in the strain shadow of the quartz grain, as well as inter-aggregate pores in the clay-matrix. (e.) Porous 
quartz grain, coated with a very low-porous clay-rim; (f.) low-porous feldspar grain, embedded in the 
clay-matrix, surrounded by pores of type III in the strain shadow of the feldspar grain, and type I and II 
pores in the clay-matrix. (g.) Pores in titanium oxide and large inter-aggregate pores in the surrounding 
clay-matrix and (h.) large inter-aggregate pores at the boundaries between clay-matrix and non-porous 
quartz grains. 
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Figure IV.24: (a.) and (b.) close-up view of a typical, very large pore found in sample EZE64, 
interpreted as secondary porosity. (a.) BSE-image and (b.) SE2-micrograph of the pore. This type of 
pores are classified as inter-aggregate pores, due to their smooth internal pore walls and rounded pore 
edges, although they are still clearly distinguishable from the usually defined inter-aggregate pores, due 
to the surrounding low-porous clay-rims or coatings on the adjacent quartz grains and the much larger 
typical pore-sizes. (c.) shows the deviation of the preferred orientation of clay minerals (red dashed 
lines) and pores within the clay-matrix from bedding-parallel (horizontal in the image), in the vicinity of 
rigid clast-grains (borders indicated by white dashed lines). 
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Figure IV.25: Results of power-law analysis of pore-size distributions within the clay-matrix; (a., c., e. 
and g.) show the results of least-square linear regression analysis on the double logarithmic plots of 
normalized pore-area frequencies vs. pore-area size (Spore), using a non-linear, logarithmic binning. 
Results indicate a power-law behaviour of pore areas, down to the practical pore resolution (PPR) ~ 
1x103 nm2 in samples EZE54, EZE55 and EZE52, investigated at 30,000x magnification, and ~ 8.5x103 
nm2 pore area in sample EZE64, analyzed at 10,000x SEM magnification. Plots in( b., d., f. and h.) 
show the complementary cumulative probability distributions of the same pore-area data, indicating a 
deviation from the hypothesized power-law behaviour for pore-sizes larger than ~ 1x105 nm2 pore area 
in samples EZE54 and EZE55, > ~ 5x105 nm2 in sample EZE52 and > ~ 2x106 nm2 pore area in sample 
EZE64. Inferred power-law exponents (D and α), as well as constants of normalization, are indicated 
directly on the plots, together with errors, from the calculation of a 95 % confidence range of linear 
regression analysis 
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IV.2.1.d. BIB-SEM study of the pore space morphology in early mature Posidonia Shale 
from the Hils area, Germany  
 
Published as: Klaver J., Desbois G., Urai J.L. and Littke R. (2012). BIB-SEM study of the pore 
space morphology in early mature Posidonia Shale from the Hils area, GermanyInternational 
Journal of Coal geology, 103: 12-35 
 
Abstract 
This contribution reports on the study of the pore space morphology in two early mature 
(VRr=0.59 and 0.61) samples of Posidonia Shale from the Hils Syncline in Germany, 
using Broad Ion Beam (BIB) polishing and high resolution Scanning Electron 
Microscopy (SEM) [Figure IV.26]. This allows imaging pores with resolution down to 10 
nm in equivalent diameter (deq), and quantitative estimation of porosity. Using a 
combination of BSE and SE detectors and semi-automatic segmentation of the gigapixel 
images, the representative elementary area of the samples, on the scale of a few mm, is 
inferred to be about 140•140 μm2 [Figure IV.27]. Pore morphologies and pore sizes are 
clearly related to the mineral fabric, with large differences [Figures IV.28 and IV.29]: 
very large (typically several microns) pores with internal faceted crystal morphology in 
recrystallized calcite clasts, and smaller pores (deq = 1024 nm) in clay-rich matrix and in 
cf. Schizosphaerella nanofossils (typically 200 nm). Pores are less common in organic 
material and in pyrite aggregates. Pore characteristics are very similar for both samples, 
and porosity resolvable by BIB-SEM is 2.75 and 2.74%. Pore size distribution can be 
described by a power-law [Figure IV.30], with an exponent about 2.0 and 2.2, 
respectively, for the pore population excluding the fossils. Pores in the carbonate fossils 
show dual-power-law distribution with power-law exponents of about 1 and 3. By extrap-
olating the power-law distribution for each sample, total porosity is estimated to be 4.8% 
(−0.9, +1.7%), and 6.5% (−2.7, +7.2%), respectively. This estimate can be compared with 
3.4–3.7 and 3.3–3.6% as measured by mercury injection porosimetry [Figure IV.31]. We 
interpret this difference to reflect the unconnected (for mercury) part of the porosity. 
Comparison of imaged pores and mercury injection porosimetry suggest a very high pore 
body to pore throat ratio. This results in a pore model where large pores, represented 
mainly by pores in fossils and calcite grains, are connected via a low-porous (and low-
permeable) clay-rich matrix with pore throats below 10 nm in both samples. 
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Figure IV.26: BIB cross-sectioning. (A) Typical overview of a BIB polished cross-section made in 
sample RWEP06 with area of about 1 mm
2
. The dashed line indicates the contour area of the cross 
section. (B) The topography map measured by Atomic Force Microscopy (AFM) on the BIB-polished 
shale surface from (A) shows an amplitude of ±5 nm. (C) Zoom in into the BIB cross-section allows 
imaging pores into 2D ﬂat surface down to the SEM resolution. Comparison of pore segmentation 
methods based on thresholding versus semi-automated segmentation. Arrows indicate a resolved pore 
close to the practical pore resolution of the SEM. 
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Figure IV.27: Principle of representative elementary area calculation (REA). (A) BSE mosaic is 
segmented according to the different gray values and EDX analysis (B). A stepwise growing grid is 
placed on the segmented BSE mosaic in (B) to perform the box counting method. (C) Box counting 
analysis indicating REA is between 100 x 100 and 200 x 200 µm
2
.(D–G) Evolution of mineralogy 
content with increasing box size and for different starting points for organic matter (D, F) and Pyrite 
(E, G) phases and both samples RWEP06 and RWEP08. Dashed line in (D–G) indicates the box size 
where the overall composition is stable, pointing to REA. 
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Figure IV.28: SEM analysis of cross-section RWEP08. (A) SE mosaic overview (20kx, 1.0•REA) with 
segment pores in red. (B) BSE mosaic of (A), (15kx). SE image of large pores partly surrounded by low 
porous, at resolution used, matrix and porous fossil fragments (C). SE image of large pores partly 
surrounded by low porous matrix, porous fossil fragments and a large pore in organic matter (D). 
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Figure IV.29: SE and BSE images of the typical pore morphologies related to mineralogy in RWEP06 
and RWEP08. (A) SE image of elongated pores at the interface between organic matter and matrix; a 
visible meso-pore inside the organic matter is indicated by arrows. (B) BSE image of (A). (C) SE image 
of typical polygonal pores in carbonate porous fossils with inset for magniﬁed details. (D) BSE image of 
(C). (E) SE image of equidimensional shaped pores in pyrite framboid. (F) BSE of a non-porous 
carbonate fossil. Dark spheres on the surface of the fossil is due to coating. (G) SE image of a large 
pore in calcite grain with euhedral faceted grain towards the center of the pore. (H) BSE image of (G). 
(I) SE image of a large pore in calcite grain with euhedral faceted grain towards the center of the pore 
and typical very elongated pore at interface with mica. (J) BSE image of (I). (K) SE image of a non-
porous pyrite framboid in sample RWEP08. (L) BSE image of (K). For all pictures, pores are segmented 
in blue or red. 
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Figure IV.30: Pore size distribution of pore area in the carbonate fossils and non-carbonate fossils 
phases inferred from BIB-SEM methods in mosaics I and II of sample RWEP06 and in sample RWEP08. 
Data are plotted as the logarithm of normalized frequency of pore as a function of the logarithm of 
binned pore area. Filled marks are pore area fully resolved whereas white-filled markers are pore area 
still detectable but not fully resolvable at BIB-SEM resolution. Vertical dashed lines bound the power-
law distribution and middle vertical dashed lines indicate slope break observed for pore area 
distribution in carbonate fossil, equivalent pore diameter is given in the boxes below. Solid line through 
data is the best fit and surrounding dashed lines represent the error of the fits. Resulting power-law 
exponent (D) and Log [C] are given in each plot. 
 
 
 
Figure IV.31: Comparison cumulative porosity inferred by MIP measurement with porosity from BIB-
SEM approach at the practical pore resolution (filled marker) and extrapolated down to the pore 
resolved by MIP (hollow marker) as a function of equivalent pore (throat) diameters for the sample 
RWEP06 (A) and RWEP08 (B). 
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IV.2.2. BIB-SEM: a novel toolbox for microstructural studies of fine-grained 
geomaterials 
My contributions on the characterization of porosity and mineral fabrics in claystones from 
underground research laboratory (Desbois et al., 2009; Houben et al., 2013, 2014; Hemes et 
al., in press) and organic-rich shales (Klaver et al., 2012) demonstrate that ion beam milling 
tools (FIB and BIB) can be used for the preparation of heterogeneous very fine-grained 
samples. The quality of cross-sections produced by FIB and BIB are of such a high quality (the 
remaining topography is in the range of 5 nm high; Klaver et al., 2012) that it allows 
investigating directly without ambiguities the porosity down to the state-of-the-art SEM 
resolution (< 10 nm). The direct detection of porosity within a truly planar 2D cross-section 
enables the statistical (Desbois et al., 2009; Loucks et al., 2009; Klaver et al., 2012; Houben et 
al., 2013, 2014; Hemes et al., in press) and stereological (Underwood, 1970; Houben et al., 
2013, 2014) description of the porosity. Ion-beam based methods, for the preparation of 
surfaces suitable for SEM imaging, are opening new fields of investigations allowing imaging 
structures, which were not observable up today.  
 
 
 
Figure IV.32 : Multiscale and complementary approach for microstrcutural investigations in fine-
grained low permeable clay-rich geomaterials. None of methods (µCT, BIB-SEM and FIB-SEM) is able 
describing a representative region with a resolution suitable to image microstructures below 
micrometer scale and in 3D. Each method has its own niche of application and they are complementary. 
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Figure IV.33 : Schematic work-flow used to investigate qualitatively and quantitatively the 
microstructures in fine-grained clay-rich geomaterials 
 
In comparison with the complementary and overlapping performances of the BIB-SEM 
method with FIB-SEM and X-ray tomography methods, the BIB cross-sectioning enables 
detailed insights about morphologies of pores at greater resolution than X-ray tomography and 
allows the production of large representative surfaces suitable for FIB-SEM investigations of a 
specific representative site within the BIB cross-section (Figure IV.32). The evolution of 
microstructures characteristics along the third dimension may be enabled in the near future by 
serial cross-sectioning forming the basics of broad ion beam tomography in-situ SEM (Desbois 
et al., 2013). 
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Figure IV.34 : An example of overlapping SEM (a.) topography mapping (i.e. porosity) and EDX 
chemical composition mapping (b.). The combination of both information ona  large BIB-SEM polished 
area results in a representative  porosity map with respect to mineralogy (c.). All segmented information 
contained in such a map (c.) are used to quantify  microstrcutural information like pore morphology, 
pore size distribution, mineral distribution, grain size, etc… in respect to mineralogy. 
 
Because microstructural investigations based on BIB-SEM approach are recent the full 
procedure used for such works had to be newly set-up and it is still in development. Figure 
IV.33 resumes of the procedure developed up today. This procedure includes four main stages 
from sample preparation, imaging, and image processing to the interpretation of data. In deed, 
because the size of cross-section produced by BIB, which are very large (about 2 mm2) in 
respect to the relevant microstructures in fine-grained geomaterials (pores much below 1 µm 
and small grains up to few tens of µm), the full microstructural information contained in a 
single cross-section image at high-resolution (magnification > 20,000x) is huge and much too 
large to be digitized and handle by a personal computer. Therefore, to reduce the region of 
investigation, a representative elementary area (REA) is first defined by point counting method 
at the scale of the BIB cross section based on mineralogy content and subsequently 
crosschecked by point counting or variance analysis of porosity on the same area (Klaver et 
al., 2012; Houben et al., 2013, 2014; Hemes et al., 2013). In a recent paper Houben et al. 
(2014), results from the point-counting method are in a good agreement with variance analysis 
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(e.g. Kanit et al., 2003). A typical REA for fine-grained clay-rich materials is in the range of 
150 x 150 µm2 to 400 x 400 µm2. In order to image the REA at high resolution enabling the 
detection of single pores, the principle of mosaic imaging is adopted; a REA is then made of 
few hundreds single images depending of magnification used (up to 1000 images is 
reasonable) resulting in gigapixels image after stitching. Such a REA can contain more than 
100,000 pores, which are not easy to segment automatically by conventional image processing 
recipes because of intrinsic characteristic of SEM images like edge charging and high focus 
depth (Houben et al., 2013; Hemes et al., 2013). An essential breakthrough for pore analysis 
was achieved by the automatic pore detection procedure based on a MATLAB code especially 
designed for segmentation of pore in cross-sections produced by BIB and imaged by SEM 
(Kempin, 2012). 
 
All conventional detectors, that a SEM can include, contribute to generate different 
microstructural information maps: for example, (1) the SE2 detector images the topography, 
(2) the BSE detector images the phase density contrast and (3) EDX detector maps the 
chemical composition. Segmentation of porosity in SE2 images provides also pore maps. All 
these information are overlapped to combine both microstructural and chemical composition in 
a single comprehensive map (Figure IV.34). In addition, the statistical analysis (size 
distribution, orientation, morphology…) of segmented microstructures (Mainly pores and 
mineral grains) allows quantifying microstructural features and evaluating relationships 
between solid and porous phases (Desbois et al., 2009; Klaver et al., 2012; Houben et al., 
2013, 2014; Hemes et al., 2013). 
The procedure presented in Figure IV.33 results both into qualitative microstructural 
characterization in REA and quantification of different aspects of microstructures within the 
same REA. This procedure is in constant development in order to optimize time of acquisition, 
to automatize all steps and extract and quantify novel information contained in the large BIB 
cross section. 
IV.2.3. Microstructural concepts inferred from SEM investigations of pore and 
mineral fabrics in representative 2D BIB cross-sections 
At the scale of the BIB cross-section overviews, fabrics of clay-rich fine-grained materials are 
complex and suggest heterogeneous fabrics from sample to sample. In contrast, all samples are 
made of non-clay inclusions (i.e. clastic grain and organic-rich phases) floating within a clay-
rich matrix, where only the sizes, the relative content and the spatial distribution of the 
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inclusions are different. In detail, at a given magnification, we observed that each inclusion 
corresponds to a mineral phase with its own characteristic pore-morphologies, pore-sizes and 
porosity. Houben et al. (2014), which show a detailed quantification of porosity (pore size 
distribution, pore morphology and type of pore) in the main different mineral phases from the 
shaly and sandy facies of Opalinus Clay, conclude to the only few variability in each different 
mineral phases, independently of the sample facies. For Boom Clay, a similar analysis is on 
going and preliminary results indicate comparable conclusions. For gas shale, Klaver et al. 
(2012) make also comparable qualitative conclusions and special attention is currently given to 
quantify the pore in organics where we assume that the type of maceral is controlling the pore 
morphology. As far as the clay matrix is concerned, pore area distribution is power-law 
distributed in all clay-rich fine-grained samples investigated up to now with only minor 
variability of the power-law exponent within a given type of sample and independently of the 
mean grain size (Desbois et al., 2009; Klaver et al., 2012; Houben et al., 2013, 2014; Hemes et 
al., 2013).  
 
 
 
Figure IV.35 : An alternative concept of porosity/permeability model based on pore microstructures. 
BIB-SEM observations give clear evidences that the non-clay minerals and clay matrix form distinct 
islands with homogeneous and predictable pore space characteristics in the same BIB cross-section. All 
kinds of islands are considered as “elementary components”, which form the overall fabric of the clay-
stones when combined all together. 
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Therefore, microstructural observations on representative BIB cross sections resumed above 
suggest that at the scale of individual mineral phase, the clay-rich fine-grained samples are 
homogeneous; the mineral phases being regions with the same pore characteristics. These 
regions are considered as “elementary building blocks”, which form the overall fabric of the 
clay-rich fine-grained samples when combined. In case of Opalinus Clay from the shaly facies, 
Houben et al. (2013) after Desbois et al. (2011) noticed the following: “the heterogeneous 
shaly facies of Opalinus Clay can be envisioned as the combination and juxtaposition of 
homogeneous porous and non-porous regions. Regions with high and highly connected 
porosity are never directly interconnected but are connected via the low permeable clay 
matrix”.  With other words, each mineral phase represents islands with characteristic porosity 
and permeability forming “elementary building blocks” of the clay-rich fine-grained material 
as the essential element for rock fabric’s homogenization. This concept is illustrated in Figure 
IV.35 for the example of Opalinus Clay both from the shaly and sandy facies, and for the 
Boom Clay from the HADES level. 
 
Because, at first order, the clay matrix through its pore-network is assumed to constrain the 
fluid flow properties of claystones, a special attention is given to the interpretation of 
calculated power-law exponents. At first, for each given type of sample, the power-law 
distribution of pore-area sizes is interpreted to reflect the self-similar distribution of pore-area 
sizes (Desbois et al., 2009; Klaver et al., 2012; Houben et al., 2013, 2014; Hemes et al., in 
2013). This first indication is already used to extrapolate porosity including pores not visible at 
the resolution of SEM (Klaver et al., 2012; Houben et al., 2013; Hemes et al., 2013). In 
second, the power-law exponents are only few variable within all samples of a given type, 
which may indicate a similar origin of the porosity in the clay matrix. In third, power-law 
exponent may also reflect a mechanism, which may control the pore size distribution. Because 
power-law exponent can be linked to porosity calculation 
(∅ = !!.!!!!"!#$!!!!!! = 𝑏! .𝐶. 𝑆!(!!!)!!!!!!  ; with !!!!.!!"!#$ = 𝐶. 𝑆!!!; where  Φ is the porosity, 
Ni is the frequency of pore with an area of Si in a bin of size bi within a total investigated 
surface Stotal and D the power law exponent), such a mechanism may be compaction as a direct 
analogue of porosity decreasing with depth in shales driven by compaction (Urai et al., 2008). 
Figure IV.36 illustrates potential dependencies between power-law exponent calculated for 
pore-area size distribution, maximal burial depth, water loss porosity and calcite/ clay contents 
ratios for all clay-rich fine-grained material I investigated up today, in order to find potential 
correlation between the above parameter towards a general model for the prediction of pore 
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size distribution in shales’ clay matrix. In addition to Boom Clay (Desbois et al., 2009; Hemes 
et al., 2013), Opalinus Clay (shaly and sandy facies, Houben et al., 2013, 2014) and Posidonia 
shale (Klaver et al., 2012), preliminary unpublished data on claystones from French 
underground research laboratory (Callovo Oxfordian Clay from Bure and Toarcian Clay from 
Tournemire) have been included.  
 
 
Figure IV.36 : Possible correlations between power law exponent of porosity Opalinus Clay, Boom 
Clay and gas shale presented in this thesis and  maximal burial depth (a.) and ratio of calcite/clay 
contents (c.), and possible correlation between water loss porosity and maximal burial depth (b.). 
 
Figure IV.36.a shows an increasing of the power law exponent with the maximum burial 
depth, which seems to mirror at first order the decreasing of porosity with maximum burial 
depth (Figure IV.36.b). The trends correlating water loss porosity to maximum burial depth 
was also suggested in Boisson et al. (2005), which compiled all data collected from most of the 
potential European claystone formations for nuclear waste storage in underground geological 
formation. Then, the evolution of power law exponent with the maximum burial depth (Figure 
IV.36.a) may be attributed to compaction process. However, in more details, the trend 
indicated in Figure IV.36.b is not as clear as in Figure IV.36.a. In Figure IV.36.a, deviations 
from the hypothetic trend are suspected for Boom Clay, Toarcian Clay and Posidinia Shale; i.e 
 CHAPTER IV: Synthesis and outlooks 
Dr. Guillaume Desbois – Habilitation Thesis, 2014 335 
for materials, which have a calcite/clay contents ratio from close to 1 and greater (Figure 
IV.36.c), which may indicate a more extensive cementation contributing to a decreasing in 
porosity (Urai et al., 2008). Therefore, the above preliminary considerations suggest complex 
cross-correlations between power-law exponent, maximal burial depth, water loss porosity and 
calcite/ clay contents ratios, which are essential keys to understand deeper the formation and 
evolution of pore characteristics in shales. In further works, special attention has to be given to 
the identification of cementation features at pore scale. 
 
Microstructural concepts described above are mainly based on the statistical quantification and 
compilation of shale microstructures. However, at a second order, some microstructure details 
(that the statistical interpretation should smooth) should be worth to mention for a 
comprehensive understanding of shales below micro-scale.   
Damages induced by dehydration of clay minerals are one of the essential issues. In our 
observations most of desiccation cracks (characterized by high axial ratio shape along the 
bedding, sharp thin tips and matching edges) are easily distinguishable and can be subtracted 
from microstructural observations and quantifications; but only until a certain size, which 
corresponds to the characteristic size of the original pores. One solution should be to observe 
the preserved pore fabrics prior dehydration. Cryogenic methods combined with SEM and ion 
beam milling preparation methods is an alternative for this last issue and it will be detailed in 
the section IV.2.3.  
Size of inclusions (or clasts) within the clay matrix is a second issue. Local pore orientation 
and morphology can be affected by strain field gradients surrounding clasts (Hemes et al., in 
press; Houben et al., 2014). Large pores (Type III) are developing in the strain shadows of 
clasts, whereas pores in the strain cap are thinner, elongated and oriented in respect to the 
wrapping of the rigid inclusions. Carbonate-rich layers in the sandy facies of the Opalinus clay 
is an extreme case where all the pores does not exhibit preferential orientation due to 
overlapping of strain field surrounding carbonate grains (Houben et al., 2014). Grain-size is 
also suspected to favour the pore connectivity (Hemes et al., 2013). Increasing grain-size is 
believed to promote the size of pores of Type III within the clay matrix, corresponding to 
pores in the strain shadows of the rigid inclusions. Here, besides the grain-size, the distribution 
density of the non-clay mineral grains may be also important: a high density of non-clay grains 
may lead to the overlapping of the pores of Type III and thus to the creation of preferential 
pore pathways (Keller et al., 2013a; Hemes et al., 2013). However, this proposition requires 
more detailed investigations (mainly by using cryogenic methods combined with SEM) to 
check if the largest pores identified as strain-shadow pores (Type III) are not induced by 
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drying damage. In deed, a large grain-size means higher specific grain-surfaces in contact with 
clay, which are preferential sites for the build-up of stress (Klinkenberg et al., 2009) possibly 
localizing damage due to the drying (Heath et al., 2011). 
 
A third issue is the diagenetic processes, which can also modify the pore space. On the one 
hand, diagenetic processes may support large-pore connectivity as found in a coarse-grained 
sample of Boom Clay (Hemes et al., 2013). Here, fluid-rock interactions are believed to be 
responsible for large inter-aggregate pores coated with a dense diagenetic clay rim. These 
particular pores are connected over a few hundreds of micrometres in 2D cross-sections 
contributing to most of the porosity measured by MIP and BIB-SEM and then forming 
preferential pathways for fluid flow. In the other hand, in Posidonia Shale, the porosity 
inferred from BIB-SEM investigations is significantly higher than the porosity measured by 
MIP (at comparable pore resolution), indicating that a significant part of visible porosity in 
SEM images are not connected (Klaver et al., 2012). A first interpretation would be to assume 
that cementation could be responsible for pore-throat occlusion (Urai et al., 2008). This 
hypothesis should be tested in next works finding microstructural evidences for cementation of 
pore throats in shales. 
IV.2.4. Original pore fluid and pore damages from dehydration 
In an early contribution, I demonstrated that the FIB-cryo-SEM is an efficient method to study 
the undisturbed pore space (Desbois et al., 2009). As far as I know, this is the first time that 
fluids were directly imaged in in-situ conditions in mudrocks. The novel BIB-cryo-SEM 
instrument, I developed, is also suitable for imaging wet preserved clay microstructures and 
related pore-fluids (Desbois et al., 2013). In comparison with the FIB-cryo-SEM method, the 
BIB-cryo-SEM method allows investigating much larger representative cross section (in the 
range of mm2). 
Current work on preserved Boom Clay by using BIB-cryo-SEM aims to characterize the 
distribution of pore fluid in original core and the effect of drying on pore morphology at the 
pore scale. First results (Desbois et al., submit.) suggest a more complex pore fluid distribution 
as the one found in Desbois et al. (2009). Figure IV.37 shows a typical example of this first 
study (Desbois et al., submit.). 
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Figure IV.37 : Investigation of porosity in an original  preserved Belgium Clay (Desbois et al., submit.) 
by usif BIB-cryo-SEM. (a.) and (b.) show pictures from a remolded Clay sample used as a reference for 
containing pore-fluid : before sublimation porosity is fully occupied by frozen pore-fluid (a.), which is 
removed by sublimation (b.). In a Pittem Clay sample, all visible pores at the resolution of SEM are 
fluid-free before sublimation (c., e., g.). Drying by sublimation induces drying damages (d., f., h.). This 
indicates that  water (evidence from water weight loss measurement) are located within clay aggregates 
with porosity below resolution of SEM. (i) Quantification of pore size and pore morphologies before 
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and after drying indicates no significant change (within standard deviation) in statistical pore 
characterization, suggesting that quantitative pore morphology studies on large number of pores 
performed on dried samples are representative of the preserved core samples 
 
Remolded samples were used to demonstrate that BIB-cryo-SEM method is suitable to 
investigate pore fluid. Remolded samples are prepared from dried disaggregated Boom Clay 
subsequently hydrated with deionized water resulting in clay mud with about 37% of water in 
weight (dryied in air at room temperature). BIB-cryo-SEM investigation (at – 150°C) points to 
fully fluid saturated pores; sublimation of water phases by sublimation process in-situ SEM 
(increasing the temperature of sample from – 150°C to 20°C for 20 minutes) confirmed it (see 
pictures with the green background in Figure IV.37). Investigated Boom Clay samples from 
original fresh cores contained water in the range of 13% to 18% in weight, in very good 
agreement with values given in Boisson (2005). However, the pores detectable at the 
resolution of SEM are free of fluid (see pictures with the violet background in Figure IV.37); 
only rare single pores are fluid saturated (one example is given in Desbois et al., 2013). These 
observations are in contradiction with findings in Desbois et al. (2009) where all pores were 
fluid saturated. The age of original core cannot explain such a paradox because the ongoing 
study is considering original cores with lifetimes from more than 10 years to 2 weeks and all 
observations are consistent with fluid-free pores at the scale of SEM. Therefore, results from 
the latest study suggest two things: (1) BIB-cryo-SEM shows that the majority of the visible 
pores visible with SEM (> 50 nm) does not contain fluid, suggesting that the water content 
measured by weight loss is located in clay aggregates, in pores < 50 nm; (2) Because fluid-free 
pores are not expecting in situ clay formation, we conclude that the procedure used to preserve 
the original clay cores is not fully efficient.  
Observations of evolution of microstructures before and after drying by sublimation of water 
(Figure IV.37.a-h) point to four types of typical drying damage driven by the shrinkage of clay 
particles. On the one hand, quantification of pore size and pore morphologies before and after 
drying (Figure IV.37.i) indicates no significant change in statistical pore characterization, 
suggesting that quantitative pore morphology studies on large number of pores performed on 
dried samples are representative of the preserved core samples.  
Moreover, large pores surrounding non-clay mineral grains are already present prior to drying. 
Hemes et al. (2011, 2013) also identified such large pores, surrounding non-clay mineral 
grains in comparable samples, but their origin remained elusive. Preliminary results (Desbois 
et al., submit.) suggest that they do not originate from drying. In contrast, a number of studies 
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gave evidence for changes in fluid flow properties between hydrated and dried clays (Galle, 
2001; Kang et al., 2003; Soe et al., 2007; Gasc-Barbier & Tessier, 2007; Cosenza et al., 2007; 
Pineda et al., 2010; Hedan et al., 2012). Only very few of these studies directly checked 
directly the changes in pore microstructures before and after drying, which may be responsible 
for the change in fluid flow properties (Kang et al., 2003; Renard, 2012); mainly because of 
the challenging task of imaging preserved microstructures below the micrometer scale. Indeed, 
studies, which observed changes in microstructure from hydrated to dried clays refer only to 
large desiccation cracks with apertures above 1 µm (Kang et al., 2003; Hedan 2012; Renard, 
2012; Wang et al., 2013), comparable to damage of Type III (Figure IV.37). Our study 
suggests that damages of Types I, II and IV  may also contribute to changes in fluid flow 
properties between hydrated and dried clays. The damage of Type III is typical cracks, which 
are removed from microstructural analyses in Klaver et al. (2012), Houben et al. (2013, 2014) 
and Hemes et al. (2013). 
IV.2.5. 3D Pore network and connectivity 
Most porosity investigations showed in this thesis (Desbois et al., 2009, submit.; Klaver et al., 
2012; Houben et al., 2013, 2014 Hemes et al., 2013) are based from large 2D SEM mosaic-
images where samples have been prepared by BIB cross sectioning perpendicular to the 
bedding plane. At these conditions, all investigated samples exhibit pores within clay matrix, 
which are not connected at the SEM resolution (i.e > 10-20nm). Evidences for connected 
porosity in 2D BIB-cut perpendicular to the bedding were only found in a coarse-grained 
Boom Clay (Hemes et al., 2013) for some large pores surrounding non-clay minerals, but other 
evidences suggest that these particular pores where probably “reworked” and then connected 
by a late fluid activity (Hemes et al., 2013). The absence of connectivity in 2D BIB-cut 
perpendicular to the bedding indicates: (1) that if pore throats exist really they are smaller than 
10-20nm in size and (2) the pore connectivity indicated by mercury injection porosimetry 
(MIP) at pore sizes detectable with SEM is anisotropic and laying mostly along the bedding 
plane. For Opalinus (Houben et al., 2013, 2014) and Boom Clay (Hemes et al., 2013), BIB 
images were interpreted to be representative of the cross section of the pore throat connection 
at resolution of the SEM when compared with corresponding MIP data. In contrast, immature 
gas shale samples (Klaver et al., 2012), the BIB-cross section reveals a much higher porosity 
than those measured by MIP at comparable pore size. This is interpreted to be an evidence that 
a part of the porosity visible in the SEM images is not participating to the connected pore 
network. Porous non-clay grains (Calcite, quartz, feldspars, etc…) embedded in clay matrix 
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may be also porous. In general, in fine-grained material, clay matrix large pore size and porous 
non-clay grains are connected by the smallest pore size in clay indicating that the clay 
aggregates are the limiting media for permeability. In particular, because BIB-cryo-SEM on 
preserved Boom Clay (Desbois et al., submit.) suggests that large pores of Type III 
surrounding non-clay grains are original and not induced by drying, a high density of non-clay 
grains may lead to the overlapping of the pores of Type III and thus to the creation of 
preferential pore pathways increasing permeability (Keller et al., 2013a; Hemes et al., in 
2013). 
 
Descriptions above are only interpretations based from observations in 2D images and 
correlation with MIP but never a pore-throat (i.e the key microstructure related to porosity) 
was directly imaged as such. To image a pore-throat, volumetric imaging is required. For this 
purpose, the Ga+-FIB-SEM tomography is convenient (Desbois et al., 2009; Keller et al., 2011, 
2013a+b; Heath et al., 2011). First results (Figure IV.38) based Ga+-FIB-SEM tomography on 
Opalinus Clay and Boom Clay show different characteristic 3D pore network.  
 
Pore in Opalinus Clay are poorly connected at the resolution of the SEM (Figure IV.38.c), the 
only connected pores are dessication cracks (Figure IV.38.d), which are already visible at 
higher resolution in X-ray-µCT image (Figure IV.38.a). Thus, in Opalinus Clay connectivity is 
achived by pore-throat below 10-20nm in size (Keller et al., 2011, 2013a+b) In contrast, in 
Boom Clay, Ga+-FIB-SEM tomography reveals that pores are highly connected to each other 
at the resolution of SEM (about 20nm; Figures IV.38 and IV.39): in Figure IV.38.g, one pore 
counts for 70% of the total imaged porosity. This connected pore network (not visible at 
resolution of µCT) is assumed to connect square-micrometer isolated pores visible in X-ray-
µCT image (Figure IV.38.b). At first order, these preliminary results are in good agreement 
with references’ hydraulic conductivities (Boisson, 2005), which are higher in Boom Clay than 
in Opalinus Clay (up to 2-3 order of magnitudes in difference). Same further investigations are 
currently performed on gas shale samples. 
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Figure IV.38 : Preliminary comparison of volumetric investigations (µCT and FIB-SEM) of pore space 
in Opalinus Clay (left) and Boom Clay (right). In Opalinus Clay, µCT scanning reveals only 
dessication-cracks (a.) whereas in Boom Clay it reveals isolated pore bodies (e.). At higher resolution 
(FIB-SEM), porosity in Opalinus Clay (b. and c.) is poorly connected (only few flat pore identified as 
similar to dessication-cracks are partly connected in d.; in contrast, porosity in significantly connected 
Boom Clay, even at resolution of SEM (g. and h.). With the courtesy of data from Houben M. and 
Hemes S. 
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Figure IV.39 : Pore extraction network applied on Boom Clay (HADES-URF). In (a.) and (b.) are the 
extracted pore network (Balls are the pore bodies and the thin lines are the pore throats) with original 
FIB-SEM pictures underneath at two different depth. (c.) Overview of the overall extracted pore 
network. (d.) Detail of the extracted pore network. Information contained in the extracted pore network 
may be directly usable in predicting fluid-flow simulation model. With the courtesy of images from 
Hemes S. 
 
If comparison of MIP data with porosity imaged in 2D (BIB-SEM) and 3D (Ga+-FIB 
tomography) are consistent to each other in Opalinus Clay and Boom Clay, the validity of MIP 
measurement often considered as a reference data is still questionable as pointed by early 
results in Hildenbrandt et al. (2003). In Hildenbrandt et al. (2003), molten Wood’s metal 
(Tmelting ≈ 70°C) was used as analogue to mercury in metal injection porosimetry; with the 
advantage that Wood’s metal is solid at room temperature. After injection of the Wood’s 
metal, Hildenbrandt et al. (2003) show that most pores were not filled with Wood’s metal 
though MIP measured pore connectivity at same conditions. Hildenbrandt et al. (2003) 
suggested that Wood’s metal (and then by analogy mercury) never entered in the pore space 
because of samples collapsed during metal injection. This interpretation is well supported by a 
preliminary test done by Jop Klaver. Jop Klaver performed two MIP experiments on 
comparable samples of a gas shale but one of these was coated with a very thin layer of epoxy-
resin to avoid mercury to enter inside the sample. Surprisingly, MIP measured same porosity 
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in both samples indicating that the MIP measured the compaction of specimens rather than the 
intruded volume of mercury.  Injection of Wood’s metal in fine-grained clay-rich material was 
then continuated in order to understand the process of metal injection used in conventionnal 
porosimetry.  
 
 
Figure IV.40 : First results on Wood’s metal injection experiment on Opalinus Clay and Boom Clay as 
an analogue of mercury injection. Following the Washburn’ equation, metal injection was performed at 
pressure to fill pore size down to 3 nm. In all pictures, Wood’s metal filling porosity appears in very 
CHAPTER IV: Synthesis and outlooks 
Dr. Guillaume Desbois – Habilitation Thesis, 2014 344 
bright grey scale. In Opalinus clay, only dessication cracks are filled with Wood’s metal (a., b. c., d. e., 
f. and g.) whereas in Boom Clay most of pores is filled with Wood’s metal (h., i., j and k.) down to a 
pore size of few tens of nanometers (but still not down to 3 nm as expected from the Washburn’ 
equation). These results from Wood’s metal experiments are in total disagreement with MIP 
measurement on same samples that give evidence that pore network is significantly connected with pore 
throats done to 3 nm in diameter; and thus question the validity of MIP measurement. With the courtesy 
of images from Houben M., Hemes S. and Klaver J. 
 
First experiments (Figure IV.40) show no pore filled with Wood’s metal in gas shale and only 
dessication cracks (and rare fossils connected with) are filled in Opalinus Clay whereas most 
pores are metal-filled in Boom Clay (in the range of 1 order of magnitude). At first look, these 
results are in good agreement with results given by MIP, 2D-BIB-SEM and 3D-Ga+-FIB-SEM: 
gas shale is less porous and less permeable than Opalinus clay; Boom Clay having the highest 
porosity and permeability. However, results from Wood’s metal experiments are in total 
disagreement with MIP measurement on same samples that give evidence that pore network is 
significantly connected with pore throats done to 3 nm in diameter. First experiments with 
Wood’s metal indicates that MIP measurement has to be considered with care because in very 
low porous and low permeable fine-grained clay-rich materials (i.e gas shale and Opalinus 
Clay) the metal is probably not entering inside the pore space. Thus, early interpretation 
indicates that MIP is only valid for materials within a special range of porosity and 
permeability (e.g. Boom Clay). Like proposed by Hildenbrandt et al. (2003), we think that gas 
shale and Opalinus Clay samples collapsed during the Wood’s metal injection but further 
works are still needed to check reproducibility of results. By the way, the Wood’s metal 
injection followed by BIB-SEM microstructural observations is very promising: this 
combination gives the opportunity to validate/unvalidate MIP measurement and visualize 
directly which pores are connected or not at a certain injection pressure. 
IV.2.6. Microstructures in laboratory and naturally deformed claystones from 
underground research laboratory  
In this thesis, microstructures of claystones from faulted and damaged zones were not 
presented, but they are of special interest for both waste disposal in underground formation 
and hydrocarbons production because disturbed claystones can form preferential pathways for 
fluid flow or seals. 
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Figure IV.41 : Concept of the approach to investigate microstructures in experimentally deformed 
claystones. Deformation in traditionnal triaxial experiment (a.), which  provides Stress / Strain curves, 
are followed by digital image correlation in order to localize stress and strain fields (b.). (c.) Local 
microstructural investigation at scale of grain by using BIB-SEM is performed in regions that have been 
deformed in order to identify deformation mechanisms. Therefore, respectively, the approach allow 
knowing « When » the sample failed, « Where » it failed and « How » it failed. 
 
In the frame of the Msc. Thesis of Nadine Höhne at RWTH University (Höhne, 2012), I 
initiated recently a pilot project in collaboration with Pierre Bésuelle and Cino Viggiani from 
the University of Grenoble (Laboratoire 3SR, France) to integrate BIB-SEM microstructural 
studies with experimentally deformed clays in order to find the active deformation 
mechanisms at scale of grains of two experimentally deformed types of clay (Shale A and B, 
in the following). 
Shales display a poorly understood deformation behaviour transitional between rocks and 
soils. From pilot-tests, we recognize two main classes of deformation mechanisms in shales 
and illustrate these with an BIB-SEM study of two experimentally deformed shales. 
Preliminary results were also the occasion to validate a novel approach for the investigation of 
deformation mechanisms in Shales, combining the use of digital image correlation (DIC) 
method to localize stress and strain fields within the sample as well as their evolution in time 
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(Lenoir et al., 2007), in addition to the establishment of conventional stress/strain curves. 
Subsequently, on relevant deformed regions, fabrics and porosity below micrometre scales are 
performed on very high quality cross sections prepared by broad-ion-beam milling (BIB) 
suitable for high resolution SEM (Desbois et al., 2009; Houben et al., 2013). Therefore, the 
combination of conventional stress-strain data, localization of stress and strain fields and 
microstructural investigation below micrometre scales on a same sample offers the unique 
opportunity to answer to the fundamental questions: (1) “When”, (2) “Where” and (3) “How” 
the sample is deforming in laboratory (Figure IV.41). 
 
 
 
Figure IV.42 : Typical microstructures found in Callovo-Oxfordian Clay (Bure, France) after 
experimental deformation following concept in Figure IV.41. Two samples have been deformed : one at 
2 MPa confining pressure (a., b., and c.) and the other at 10MPa confining pressure (d.). Pictures are 
presented as an interpreted proxy of deformation. Both samples contain all evidence for dominant 
deformation ; only in sample deformed at high confining pressure show microstructures of cataclasis 
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flow (d.) ; sample deformed at lower confining pressure shows only incipient of cataclasis flow (c.) and 
evidences for grain size reduction (b., and c.). 
 
 
 
Figure IV.43 : First results of microstructures in experimentally deformed Boom Clay. The condition of 
the deformation experiment allowed to produce slickensides on the fracture surface (a.). Detailled 
inspection of microstrcuture below the slickenside (BIB-SEM cut perpendicular to the fracture surface 
and parallel to the slickenside’s lineation) indicates a damaged zone of about 5 µm thick directly below 
the surface. This damage zone lays on an undisturbed part of the Boom Clay. In damage zone, there is 
no evidence of brittle deformation but a strong reorientation of mineral sub-parallel to the slickenside 
surface. At higher magnification, damage zone show that porosity reduced significantly and changed its 
pore morphology (e. vs f.). These microstructures contrast with those presented in Figure IV.42. 
 
Shale A is a Callovo-Oxfordian shale (Bure, Meuse - Haute Marne, France). One test was 
performed at 2 MPa confining pressure (plane strain compression) followed by planar DIC on 
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optical images and a second one at 10 MPa confining pressure (triaxial compression) followed 
by volumetric DIC on X-ray microtomography images. Deformed samples contain 
macroscopic brittle fractures, even at high confining pressure. In respect to stress levels, BIB-
SEM shows a large range of microstructures from fracture propagating along clast interfaces, 
incipient of clast cracking, incipient of cataclastic flow, clast rotation, towards thin cataclastic 
gouge in the fracture. The main deformation mechanism is grain refinement by grain scale 
fracturing (Figure IV.42). First results on porosity analysis indicates an increase of visible total 
porosity in damaged zones mainly due by an increasing number of cracks and possibly 
balanced by a change in the power law distribution of other pores. 
Shale B is a Boom Clay (Mol – Dessel, Belgium) deformed with increasing confining pressure 
until the brittle failure of the specimen, results in a non-dilatant shear zone across the sample. 
Strain is strongly localised in thin, anastomosing zones of strong preferred orientation, 
producing slickensided shear surfaces common in shallow clays. There is no evidence for 
intragranular cracking (Figure IV.43). Deformation mechanisms are bending of clay plates and 
sliding along clay-clay contacts. Porosity display obvious changes in morphology and 
distribution from undamaged to damaged zones (Figure IV.43). 
Although as a first approximation the plasticity of both shales can be described by similar 
Mohr-Coulomb type failure envelopes, these results indicate that the full constitutive models 
describing their deformation and transport properties under natural conditions should be quite 
different, due to the different amounts of grain-scale cracking. 
 
However, in contrast with mechanisms occurring in natural conditions, the conditions of 
experimental deformation does not account for chemical interactions (dissolution, 
cementation, sealing, etc….), which may changes mechanical properties of the deforming 
rock. In the frame of the PhD. Thesis of Ben Laurich (funded by Swisstopo, Switzerland), we 
are currently carrying out representative area with BIB-SEM of samples taken to cover the 
transition from undeformed material into the main fault zone in Mt Terri (Switzerland). 
Transmission Electron Microscopy is also used with respect to the very small microstructures 
found during the first investigations. 
Slickensided shear surfaces are ubiquitous in deformed clay-rich materials, however the 
evolution of these structures is poorly understood, and the interaction of crystal plasticity in 
clays, particle reorientation, grain size reduction, cataclasis, mineral transformation and 
neoformation is subject of debate. 
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Figure IV.44 : Slickenside microstructures in naturally deformed Opalinus Clay from the main fault at 
Mont Terri’s underground laboratory (Switzerland). First results indicate that the damaged zone is < 
1µm thick (d. and e.) below the slickenside surface in Riddle shears. Other places (like principal 
displacement shears) exhibit slightly thicker damaged zoned (c. and b.) but ever in relation with 
enrichment of the damaged zone in calcium. With the courtesy of images from Laurich B. 
 
The following paragraph describes the first results presented by Ben Laurich at DRT 
conference in Leuven (Laurich et al., 2013). 
 
We studied well-preserved samples from the Main Fault, a 3 m wide fault zone of 
approximately 10 m offset in the Mont Terri Underground Research Laboratory (CH), a site to 
evaluate long-term safety of radioactive waste disposal. The samples contain many 
slickensided shear surfaces (Figure IV.44.a,b,c), which can be classified according to colour, 
shininess, orientation, presence of steps. All slickensides show reverse dip slip movement, 
with tool tracks of less than two cm. 
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Transmitted light microscopy of ultra-thin sections show that individual slickensides appear on 
surfaces of fractures which form during sampling, along micro- shear zones which are usually 
less than 2 µm thick, containing clay particles with a strong preferred orientation subparallel to 
the shear zone. A number of shear zones are wider, with widths < 1 mm which contain veins 
with fault-parallel host rock inclusions. 
Broad-ion beam polishing perpendicular to the slickensided surfaces and Scanning Electron 
Microscopy (Figure IV.44.b,c) show that the shear zone with the transition between 
undeformed matrix and strongly deformed gouge is often less than 1 µm thick (Figure 
IV.44.d,e). In this transition zone, a complex set of processes is inferred, leading to strong 
grain size reduction with clay particles below 100 nm, formation of calcite-enriched zones 
(Figure IV.44.b) and strong particle preferred orientation (Figure IV.44.c). First results by 
Transmission Electron Microscopy show a thickness of only 100 nm, in which parallel 
oriented nano-sized mica and illite particles are detected. 
We are currently interpreting the results above in term of processes of localization during 
incipient faulting in mudrocks at about 1.5 km depth, episodic fluid flow and resealing, and the 
formation of slickensided surfaces in deformed mudstones. 
IV.2.7. Simulation of fluid flow and permeability in fine-grained clay rich 
geomaterials 
Our porosity characterization in Clays and gas shales showed us how the pore network may be 
complex in morphology, and thus definitely different from simplistic geometries assumed in 
most of network model. Simulation of flow in low-porous and low permeable clay-rich 
geomaterial is one of my next objective. 
 
Boom Clay appear to be a good candidate to provide natural based pore network for flow 
simulation. In deed, in Boom Clay, pores are found significantly connected at the scale of 
SEM and should already explain most of flow properties of such samples (Figures IV.38 and 
IV.39). The « network extraction »  code (Dong & Blunt, 2009) is currently used to prepare 
3D-FIB-SEM data set to be used for predicting flow. 
For Opalinus Clay and gas shales, predicting flow is much less straightforward because FIB-
SEM tomography cannot provide enough resolution to detect pore-throats. In this case 
assumptions have to be done on the connectivity of the pore space. Keller et al. (2013b) 
proposed to combine the analysis of local porosity distribution with indicators of percolation. 
The approach of Keller et al. (2013b) is promising and first results allow estimating some 
 CHAPTER IV: Synthesis and outlooks 
Dr. Guillaume Desbois – Habilitation Thesis, 2014 351 
percolation thresholds based on natural microstructural model of pores. First results indicate 
that the resolved porosity in sandy facies of Opalinus Clay (low content of clay) is close to the 
percolation threshold, whereas the porosity of the shaley facies (high content of clay) is below 
the percolation threshold (Keller et al., 2013b). 
 
FIB-SEM tomography data are interesting because they can provide 3D model of pore space, 
however the volume of specimen sampled by FIB-SEM is far from representative (Desbois et 
al., 2013; Keller et al., 2013b). In contrast, BIB-SEM investigations allow imaging pore space 
in much representative area, but only in 2D (Klaver et al., 2012; Houben et al., 2013a, inpress; 
Hemes et al., in press). One alternative for flow simulation from SEM images will be to apply 
stochastic pore space reconstruction on BIB cross-sections cut along the three direction of the 
space, each perpendicular (Figure IV.45.a). This option is currently tested in collaboration of 
Gary Couples at the University of Heriot-Watt University in Edimburgh (Scotland, UK). First 
tests, which were applied only on small areas of the images and from a naïve pore 
segmentation based on a simplistic pore thresholding, validated the approach. 
The extended network flow simulation code (Wu, 2006) is applied to predict gas flow in a 
realistic 3D model of gas shale, which contains pores ranging from a few nm to 10’s µm. 
Analysis of the pore system shows that the smaller size pores, from a few tens of nm, are much 
more numerous than are the larger pores. This model is then ideal to demonstrate the capability 
of the code, which includes dependencies on the sizes of pores and pore throats. The 
uncalibrated flow simulations provide an opportunity to assess the impact of nano-scale pores 
on apparent permeability under realistic conditions. The use of a realistic shale model, with its 
variations in pore-system characteristics, allows us to test the new simulation code in a way 
that is not possible with idealised, traditionnal node/bond models.  
The shale model used in this demonstration is derived from high-resolution (6nm pixel size), 
2D, grey-scale images obtained from a real mudstone. The input images, in three orthogonal 
planes, are derived using Broad Ion Beam (BIB) methods. The grey-scale images are first 
segmented into a binary depiction of pores and solids.  
Using these input images, a 3D reconstruction of the sample is created (Figure IV.44.b) using 
the methods described by Wu et al. (2006). The essence of the approach is to use the 
segmented depictions of pore/solid as training images in a Markov Chain Monte Carlo scheme 
that generates the 3D model at the same spatial resolution as the input images. In this case, the 
resulting model of the rock sample has low porosity (2.6%), which is compatible with the 
apparent porosities of the binarised input images.  
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Figure IV.45 : Validation of stochastic simulation of fluid fow in a natural based pore network. (a.) The 
input images, in three orthogonal planes, are derived using Broad Ion Beam (BIB) methods; (b.) 
Stochastic pore network model are build and skeletonized (c.). The pore network connectivity model is 
then used for Lattice Boltzmann fluid flow simulation (d.). 
 
From the pore system of this 3D model, a topology-preserved pore-network was extracted 
along the pore skeletons (Figure IV.44.c) using a set of techniques developed Jiang et al. 
(2007). The network is divided into pores, and connections between the pores, via algorithms 
that partition the pore space in a way that considers both geometric and topological 
characteristics. This leads to the creation of a classical (but unstructured) pore network model 
of nodes and bonds that is suitable for use in flow simulations. A lattice-Boltzmann calculation 
of the Darcy permeability of this sample, using the method described by Ma et al (2010), is 
very low ((Figure IV.44.d). The permeability calculated using the network flow simulation, 
considering a single-phase water system, is similar in value. This model has characteristics that 
are similar to those reported by others for the matrix pore systems of gas shale (see Elgmati, et 
al., 2011).  Next simulations will be performed on the full area of images with a carefully 
segmented pore space; the quality of segmentation will be also investigated. 
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IV.3. Nano-porosity in tight gas sandstones 
Extracting value from tight gas reservoirs, which contain large accumulations of hydrocarbons, 
represents a challenge for the entire oil industry to give a substantial boost to the world’s 
reserves. The development of new technologies to enhance tight gas reservoir productivity is 
strongly dependent on a high-resolution understanding of the porosity. 
 
In Desbois et al. (2011), I showed that the combination of Ar-beam cross-sectioning facility 
and high-resolution SEM imaging, applied to tight gas sandstone core samples from the 
Permian Rotliegend in Germany, has the potential to result in a step change in our 
understanding of porosity, its morphology, spatial distribution and evolution, as well as 
bringing unprecedented clarity and resolution (down to 10 nm pore size). For the first time, I 
also used serial BIB cross sectioning (Figure IV.46) in order to estimate the evolution of 
microstructures along the third dimension from a stack of large BIB cross-sections with 
resolution suitable to investigate single pore microstructures. This contribution gives a first 
impression of the complex fabric and porosity in tight gas sandstones at 2 different scales: the 
scale of sand grains and the scale of the clay grains in the intergranular volume (Figure IV.47). 
 
In 2D BIB-SEM cross sections, illite is the major clay mineral cementing the grain fabric and 
filling the intergranular volume (also primary porosity). Illite cementation reduces the 
intragranular volume by more than 60% in multiple grain junctions and by more than 95% at 
single grain-grain contacts. These differences are attributed by different illite particle 
organization: (1) in multiple grains junctions, adjacent grains are coated by very compact and 
poorly porous tangential illite (about 5 µm thick) while much more porous and connected 
hairy/fibrous illite fills the remnant space of the intergranular volume contributing to 70% of 
porosity in this particular regions; (2) at single grain-grain contacts, intergranular volume is 
exclusively filled by poorly porous tangential illite. 
From a 3D point of view (Figure IV.47), intragranular volume appears then fully filled by 
illite. When the intragranular volume is located at multiple grains junction, hairy illite is able 
to develop toward the center of the primary pore from tangential illite substrate and results in 
relative highly porous regions. When intragranular volume is located at only two grains 
interface, hairy illite is rare and the intragranular volume is then entirely filled by tangential 
illite and results in very low porous regions. Therefore, the intragranular volume results in a 
network of large intragranular volumes mainly filled with relative high porous hairy illite 
connected by poorly porous “intragranular volume throats” filled with tangential illite. 
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Another common problem is also core damage when evaluating reservoir porosity; correction 
for core damage is an as yet unsolved question. Because BIB-SEM imaging gives a direct 
insight of porosity with relevant resolution, the porosity due to core damage can be quantified 
by image analysis and then also removed for further analysis characterizing in situ core 
properties (Desbois et al., 2011). Further works should focus on the development of a 
procedure to include such a BIB-SEM investigation in core analysis in order to correct 
conventional measurements from core damages. 
 
 
 
Figure IV.46: BIB serial cross-sectioning experiment. (a) Overview of the original mechanically pre-
polished sample imaged in BSE mode; the dashed white line indicates the region of interest selected for 
the serial cross-sectioning experiment. (b) Serie of BSE micrographs from top view after the five 
successive cross-sections. These micrographs are used to measure the thickness of each cross-section: 
the 2d, 3rd, 4th and 5th slices have a thickness of 57 µm, 55 µm, 51 µm and 51 µm respectively. In total, 
the selected region of interest was serial cross-sectioned over a depth of 210 µm. SE (c.) and BSE (d.) 
micrograph mappings of the five successive cross-sections produced for BIB serial cross-sectionning 
experiment. At the scale-view of SE micrographs, the largest intergranular volumes filled with hairy 
illite (black arrows) and fractures, which fit roughly the sand-grain contours (white arrows), are clearly 
visible. BSE micrographs show the evolution of mineral phases over the investigated volume. Darker 
grey value indicates quartz grains while lighter grey values indicate mostly calcite, feldspars and calcite 
at the scale of micrographs. The black square from the SE cross-section-2d cut is a missing picture in 
the image set. From Desbois et al., 2011. 
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Figure IV.47: Fabric and porosity 3D-model in an idealized tight gas sandstone reservoir from 
Rotliegend formation (Bahnsen member, Arsten Graben, south of Bremen, Germany) with details of 
porosity in different minerals. This model compiles all microstructural informations detailed in Desbois 
et al. (2011). 
 
In contrast with fine-grained clay-rich materials (see section IV.2), a typical BIB cross-section 
(up to 2 mm2) does not cover a representative area of mineral fabric in tight gas sandstones; 
because of the much bigger grain size. Therefore, this is questioning the representativeness of 
our porosity investigations. One alternative should be to consider the “elementary building 
blocks” as proposed for fine-grained clay-rich materials (see Section IV.2.2). In this case, no 
matter about the area-representativeness of the BIB cross-section, each mineral phase 
represents islands with characteristic porosity forming “elementary building blocks” of the 
tight gas sandstone as the essential element for rock fabric’s homogenization.  
Therefore, in order to test the hypothesis above, I am currently working on the detailed 
quantification of porosity’s characteristics per clay-cement phases from statistically 
reprpesentative pore numbers systematically imaged within several BIB cross-sections. On a 
same tight gas sandstone sample studied in Desbois et al. (2011). 
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Figure IV.48: Typical clay cemenst as revealed on 2D BIB cross sections. (a.) Tangential illite coating 
sand grain (Qtz.=Quartz), where illite mineral are organized parallel to the sand grain. (b.) Hairy illite 
coating a sand grain (Qtz.=Quartz), where fibrous illite grown roughly perpendicular to the sand grain 
surface. (c.) Contact of tangential/hairy illite. Here tangential illitre is at the direct vicinity of the sand 
grain (Qtz.=Quartz) and post-dated by hairy illite. Hairy and tangential illite are, from far, the most 
frequent clay cementation. (d.) and (e.) illustrate two other clay cement phases but found very rarely, 
which are « dentelle » illite and chlorite, respectively. 
 
First of all, the inspection of numbers BIB cross-sections reveals that clay cements have 
different structure for the same type of clay and that chlorite occurs also as cement. 
Qualitatively, the most frequent clay cement is illite as found in Desbois et al. (2011). Illite is 
mainly coating sand grains tangentially ot perpendicularly to the grain surface (Figure IV.48.a, 
b). these are named tangential and hairy illite, respectively. Sometimes hairy illite is growing 
on a tangential illite substrate; in this case, the tangential illite is everytime predating hairy 
illite (Figure IV.48.c). A third type of illite cement was found but only one time, i.e. 
“Dentelle” illite (Figure IV.48.d). The term “Dentelle” was choosen because of delicate 
network formed by such an illite phase. In such an illite phase, pores are located between a 
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fine skeleton made of few clay sheet aggregates enclosing apparently tight pores at the scale of 
SEM. Chlorite, with its typical tabular shape, was also identified to participate to the 
cementation of the sandstone (Figure IV.48.e). Porosity’s characteristics in chlorite depend of 
how single chlorite particles grown in the intragranular volume. Pore morphologies are mostly 
elongated with sharp regular edges. The preliminary confirms Antrett et al. (2011), who 
proposed that the presence of chlorite prevents grain coating by illite. 
 
 
 
Figure IV.49: Pore characteristic of clay cements (Tangential illite, hairy illite and Chlorite) in a tight 
gas sandstone from 2D BIB-SEM investigations. (a., b. and c.) Pore morphologies distribution where x-
coordinates are the inverse of pore axial ratio (1/AR) and y-coordinates are circularity factor for a 
given pore. (d., e. and f.) Probability functions of pore area size distribution (in blue : non-cumulative 
function ; in red : cumulative function). 
 
Quantitatively, pore morphologies (inverse of the axial length ratio [1/AR] vs. Circularity) and 
pore size distribution (Figure IV.49) analysis show that each of the clay cement phase has its 
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own characteristics in 2D cross sections, suggesting that the initial hypothesis is verified. 
Variance analysis adapted from Kanit et al. (2003) and Keller et al. (2013) indicates that these 
results are representative of the representative elementary area (for each clay cement phase) 
with an relative error within 7%. This demonstrates also that the compilation of porosity 
analysis from several BIB cross-sections is able to catch the representativeness of the porosity 
in clay cement phase of tight gas sandstone.  
 
 
 
Figure IV.50: Preliminary results of reconstruction and interpretation of pore space from 3D FIBSEM 
data for hairy and tangential illite cements a in tight gas sandstone from the Rotliegend (South of 
Bremen, Germany) (a). Tangential illite, (b.) Hairy illite, (c.) Contact tangential/hairy illite 
 
A preliminary study of the pore network in 3D based on 3D FIB SEM investigation (Figure 
IV.50) on typical clay cement phases identified from our 2D BIB cross sections indicates that 
3D FIB SEM pore analysis are only representative of the representative elementary volume 
within 40-50% relative error (also from variance anaylsis; Kanit et al., 2003; Keller et al.; 
2013). At first look, this relative error seems huge but it is in good agreement with other fine-
grained clay rick geomaterial like Opalinus Clay (Keller et al., 2013); 3D FIB-SEM 
investigation being achieved typically on small volumes below 10 µm3. The alternative to 
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reduce the relative error made on the representative elementary volume is too increase the 
number of 3D FIB SEM investigations (Keller et al., 2013). Detailled characterization of the 
3D pore network are still in progress, especially to extract the pore network as parametrized 
skeleton (Dong & Blunt, 2009). However, first results presented in Figure IV.50 show clearly 
that: (1) porosity in both tangential and hairy illite is mainly connected at the scale of the SEM 
(Figure IV.50.a, b.) and (2) it exists pore interconnectivity between pore network within 
tangential illite and hairy illite phases (Figure IV.50.c). In other words, illite cementation is 
responsible for critical decreasing of sample’s permeability but illite cement phases are still 
permeable. A next step will be to use the skeletonized pore network based natural 
microstructures to simulate fluid flow (Valvatne et al., 2005) in order to investigate the impact 
of cementation on the evolution of sample’s permeability during diagenesis. 
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Microstructural studies in salt rocks 
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